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ABSTRACT 
Regulation of Polarity by Microtubules 
Regina Anna Lutz 
 
Cell polarity is essential for cellular functions, growth, development, and formation of 
multicellular organisms. Cell polarization is often regulated during the cell division cycle. For 
instance, many cell types lose polarity and round up during mitosis, and then reestablish polarity 
after division. The fission yeast Schizosaccharomyces pombe is a model system for studying cell 
polarization. These unicellular rod-shaped cells grow by extension from their tips, and then stop 
growth during mitosis. Upon cytokinesis, they initiate growth from the old cell end and later in 
interphase, initiate growth at the second cell end in a process known as “new end take off” or 
NETO. NETO is regulated by polarity proteins tea1p and tea4p which are deposited by 
microtubules at the cell tips. How these proteins regulate cell polarity is not yet well understood. 
These polarity proteins are thought to function in recruiting other proteins, which leads to 
localized actin polymerization, membrane trafficking and cell wall assembly, leading ultimately 
to polarized cell growth at the cell tip. 
In this thesis, I report the characterization of a new polarity protein tea5p in fission yeast. I 
identified tea5p in a screen for new NETO mutants. Tea5p is a new component of the tea-protein 
polarity pathway. It resides at cell tips in complexes with the other polarity proteins tea1p and 
tea3p, and functions downstream of tea1p. Genetic interactions suggest that tea5p regulates 
polarized growth by regulating the small GTPase cdc42p and its activator gef1p. Tea5p is a 
pseudokinase that binds to the plasma membrane with its N-terminus, and requires its kinase-like 
domain for function. Together my results begin to establish a pathway that links microtubules to 
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1.1 Polarized growth 
Polarized growth is essential for life in most organisms and can be found in many cell types ranging 
from simple bacterial to highly complex mammalian cells. Cell polarity is fundamentally important 
for the function of most cell types. Polarization is required for processes like cell migration, directed 
secretion, establishment of different functional domains within a cell, and selection of the correct site 
for cytokinesis. Loss of polarity leads to an inability of cells to carry out their specific tasks. 
Despite the diverse nature of polarized cells, the general principles for establishment and 
maintenance of polarity are evolutionarily conserved. To select a site for polarization, landmark 
proteins are deposited at the cortex, followed by local activation of Rho GTPases which induces 
polarization of the cytoskeleton. This enables the cells to selectively transport vesicles to and away 
from those sites leading to an asymmetric distribution of proteins and membrane components within 
the cell and thus polarization. 
Intricate signaling networks have evolved to control these crucial processes. These signaling 
networks are becoming more and more uncovered but we are still far from having a complete 
picture. Even in simpler eukaryotic organisms like S. pombe many elements of polarity 
regulation remain uncharacterized. 
1.1.1 Polarization signals  
Polarization can be induced by a variety of different signals from the cell’s environment or the 
cell itself. Sperm entry into oocytes acts as a signal to polarize which is crucial for the first, 
asymmetric division of the zygote. For example, in Caenorhabditis elegans oocytes the site of 
sperm entry determines the anterior-posterior axis. Here, destabilization of the cortical acto-
myosin network leads to a reorganization of polarity factors (Munro et al., 2004). More 




form gradients that lead to an asymmetric activation of cellular receptors. Mating pheromones in 
yeast induce the formation of an actin-based, polarized structure, the shmoo tip, which is 
extended towards the mating partner, the source of the pheromone (Merlini et al., 2013). 
Chemokines are a widely used signal to induce polarization for directed cell migration. 
Activation of Rho GTPases at the leading edge leads to localized actin assembly, formation of 
protrusions, and migration (Insall and Machesky, 2009). Extrinsic signals can also be cell-
associated. In epithelial cells cell-cell contacts determine the lateral side whereas contact with the 
extracellular matrix and the absence of contacts on the opposing site induces apico-basal polarity 
(O'Brien et al., 2002).  
Intrinsic signals can also be used to control cell polarization. These can be locally active or 
spatial control can be achieved by making only specific areas of the cell susceptible to the signal 
via landmark proteins. The budding yeast Saccharomyces cerevisiae can grow both in a 
polarized and isotropic manner. Switching between these two growth patterns is controlled by 
the cell cycle while localization of polarized growth is controlled by polarity proteins (McCusker 
and Kellogg, 2012). In many eukaryotic cells polarity is also cell-cycle controlled. When most 
cells undergo mitosis they lose polarity and round up followed by repolarization after completion 
of division (Théry and Bornens, 2006).  
The fission yeast Schizosaccharomyces pombe uses a combination of intrinsic and cell cycle 
signals to control its polarized growth. This will be described in more detail in chapter 1.2. 
Briefly, cells grow by tip extension. The growth area is controlled by microtubules and landmark 
proteins. Initiation of growth at each of the two tips is governed by different signals and initiated 




In all these cells, an initial cue leads to local activation of Rho GTPases. This is followed by 
reorientation of the cytoskeleton and cell asymmetry. The cytoskeleton acts as an effector of Rho 
GTPases to execute and reinforce polarization but it can also have instructive roles in where to 
polarize.  
1.1.2 Microtubules 
Microtubules have a variety of cellular functions ranging from intracellular transport of vesicles, 
proteins, and organelles to translating cellular geometry into cell behavior. As mentioned above, 
microtubules direct polarized growth in S. pombe in addition to roles in centering the nucleus and 
mitosis.  
Microtubules are hollow tubes with a diameter of 25 nm formed by polar protofilaments. The 
protofilaments consist of heterodimers of -and -tubulin. In vivo, microtubules usually consist 
of 13 protofilaments, which are stabilized by lateral contacts. These contacts typically consist of 
- and - interactions, also known as B lattice. The protofilaments are staggered by 0.9 nm 
and form a 3 start helical filament. Since the heterodimers have a length of 4 nm this leads to a 
discontinuity in the helix known as the seam, where - and -tubulin form lateral bonds (A 
lattice) (Katsuki et al., 2014; Kikkawa et al., 1994; Wade, 1997). However, microtubules lacking 
a seam can be found both in vitro and in vivo (Katsuki et al., 2014). 
The first step in microtubule assembly is nucleation. This can happen spontaneously in vitro but 
in vivo specialized nucleation sites termed microtubule organizing centers (MTOCs) are 
generally required. The primary MTOC in animal cells is the centrosome. The fungal equivalent 
is the spindle pole body (SPB) though other sites do exist in animal as well as fungal cells 




These MTOCs contain another tubulin, -tubulin, which forms a ring structure of about the 
diameter of the microtubule in complex with several other proteins (-Tubulin Ring Complex, -
TuRC) (Zheng et al., 1995).  
Microtubules are polar and grow by addition of αβ-heterodimers in a head-to-tail fashion. This 
generates two distinct ends. The α-subunits are oriented towards the less dynamic end, the minus 
end, while the β-subunits point towards the plus end of the microtubule, which is more dynamic. 
Both α- and β-tubulin can bind GTP and heterodimers containing two GTP molecules are 
incorporated at the microtubule plus end. Addition of the αβ-heterodimer to the protofilament 
activates the intrinsic GTPase activity of the β-subunit. This leads to hydrolysis of GTP within β-
tubulin, release of the phosphate and generation of a microtubule lattice that contains 
predominantly GDP-β-tubulin (referred to as GDP-tubulin subsequently). The hydrolysis of GTP 
occurs with a delay after incorporation of the tubulin subunit into the protofilament leading to the 
formation of a GTP-cap at the microtubule plus end (Carvalho et al., 2003; Desai and Mitchison, 
1997).  
One defining property of microtubules is that they can transition between assembly and 
disassembly (Mitchison and Kirschner, 1984). The transition from growth to shrinkage is termed 
catastrophe, and the change back to growth is called rescue. These events are accompanied by a 
structural change at the microtubule plus end. Electron microscopy studies have shown that 
microtubules assemble as a slightly curved, open sheet at the plus end which is then closed to 
form a hollow cylinder (Chrétien et al., 1995). During catastrophe, the protofilaments become 
heavily curved and lose their lateral contacts (Mandelkow et al., 1991). This conformational 
change is thought to be nucleotide dependent. GTP-tubulin heterodimers are relatively straight 




within the microtubule lattice is stabilized in a straight conformation but exposed GDP-tubulin at 
the microtubule plus end can switch into the curved state leading to destabilization of the 
microtubule and depolymerization of the protofilaments. Dynamic instability allows 
microtubules to explore the volume of the cell and transmit or gather morphological information.  
As mentioned above, many animal cells show a centrosomal organization of microtubules. The 
minus ends are anchored at the centrosome while the plus ends radiate outwards towards the cell 
periphery. In S. pombe interphase cells microtubules are organized in a longitudinal manner. 
They can be nucleated by the SPB or by additional interphase MTOCs (iMTOCs). Just like the 
SPB these iMTOCs localize to the nuclear membrane (Sawin and Tran, 2006). In addition, 
microtubules can also be nucleated on top of existing microtubules. In interphase, fission yeast 
cells contain 3-5 microtubule bundles, each consisting of several individual microtubules (Höög 
et al., 2007; La Carbona et al., 2006). The plus tips can grow towards both cell tips from each 
MTOC while the minus ends reside in the cell middle at the nuclear envelope (Drummond and 
Cross, 2000b; Tran et al., 2001). As a consequence, microtubules are organized in an antiparallel 
array at each MTOC. This organization is dependent on ase1p a bundling protein that stabilizes 
antiparallel microtubule bundles (Loïodice et al., 2005; Yamashita et al., 2005) and the minus-
end directed kinesin klp2p which can slide microtubules towards the cell center (Carazo-Salas et 
al., 2005). In S. pombe cytoplasmic catastrophe is rare (Brunner and Nurse, 2000) and the plus 
end usually elongates until it reaches the cell tip. There it continues to elongate and buckle. After 
a dwell time at the cell tip of 1-2 min the microtubule undergoes catastrophe and shrinks back 
towards the cell middle (Drummond and Cross, 2000b). If a microtubule contacts the lateral 




it reaches the tip (Brunner and Nurse, 2000; Hayles and Nurse, 2001). Proteins at the cell tip 
regulate this behavior (see chapter 1.2.2). 
The inherent dynamics of microtubules are further regulated by microtubule-associated proteins 
(MAPs) and post-translational modifications of the microtubule itself. MAPs can stabilize or 
destabilize microtubules. Plus-end tracking proteins (+TIPs) are a subgroup of MAPs. These 
proteins usually associate only with growing plus ends, but a subset of proteins also track 
shrinking microtubules. +TIPs constitute a very heterogeneous group of proteins that can bind to 
different parts of the microtubule in different ways.  
End-binding family proteins (EB) proteins are conserved from yeast to humans (Tirnauer, 2000). 
They have an N-terminal domain that contains a globular calponin homology (CH) domain. CH 
domains are usually found in actin binding proteins but here it mediates microtubule binding 
(Hayashi and Ikura, 2003). The C-terminus has a coiled-coil domain which functions in EB 
protein dimerization (Honnappa et al., 2005) followed by an end-binding homology (EBH) motif 
(Honnappa et al., 2005; Slep et al., 2005). The very end of EB proteins contains a characteristic 
EEY/F motif, (Honnappa et al., 2005). EB proteins directly bind to microtubules and regulate 
their dynamics. In addition, they play a central role in localizing many of the other +TIP proteins 
to the microtubule plus end via their EBH domain (Lansbergen and Akhmanova, 2006). A 
second group of +TIPs are Cytoskeleton-associated protein Gly-rich proteins (CAP-Gly 
proteins). They contain a globular CAP-Gly domain which can specifically bind to the EEY/F 
motif of EB proteins. Cytoplasmic linker proteins (CLIPs) contain a CAP-Gly domain in 
addition to coiled-coil domains used for dimerization (Lansbergen and Akhmanova, 2006). 
Proteins rich in basic and serine residues are a very diverse group of +TIPs. They can interact 




which specifically binds to the EBH domain of EB proteins (Honnappa et al., 2009). Proteins 
with tumor-overexpressed gene (TOG) domains are another group of +TIP proteins. They 
promote microtubule polymerization and often contain additional motifs such as SXIP to localize 
to microtubule tips (Lansbergen and Akhmanova, 2006). Plus- and minus-end directed motor 
proteins are also able to track microtubule tips. Plus-end directed motors can walk to microtubule 
tips but further interactions are required to stabilize them there. 
The plus end tracking system in S. pombe is one of the best characterized ones in vivo and in 
vitro. Bieling et al. described a minimal in vitro system for microtubule plus end tracking. They 
could show that the EB1 homologue mal3p is able to track microtubule plus ends by itself. The 
CLIP family member tip1p and the kinesin tea2p fail to accumulate on microtubules by 
themselves or together but in the presence of mal3p they efficiently track the plus end (Bieling et 
al., 2007). These results are consistent with in vivo experiments. The mal3 (minichromosome 
altered loss) mutant was identified because if its chromosome segregation defects. In addition, 
cells lacking mal3p have short microtubules and cell shape defects (Beinhauer et al., 1997). 
Mal3p localizes along microtubules and tracks microtubule plus ends (Bieling et al., 2007; Busch 
and Brunner, 2004).  
Tip1p and tea2p localize to microtubule plus ends as well as cell tips. Plus end localization of 
both proteins is mal3p dependent (Browning et al., 2003; Busch and Brunner, 2004). Tip1p is 
required for suppressing microtubule catastrophe when microtubules contact cell sides in fission 
yeast. As a result, tip1Δ cells have short, disorganized microtubules. In addition, they also 
display cell shape defects (Brunner and Nurse, 2000). Tea2 mutants have short interphase 
microtubules and cell shape defects similar to mal3 and tip1 mutants (Browning et al., 2000a). 




concentrate in a mal3p-dependent manner (Busch et al., 2004). This system is used to transport 
some of the S. pombe polarity proteins which will be discussed in chapter 1.2.2. 
During mitosis S. pombe microtubule organization changes dramatically. The iMTOCs disappear 
and the SPB nucleates microtubules inside the nucleus that form the spindle. In addition, the SPB 
nucleates cytoplasmic astral microtubules. In anaphase, another MTOC, the equatorial MTOC 
(eMTOC), forms at the septum and nucleates the post-anaphase array microtubules (Sawin and 
Tran, 2006). 
In S. pombe interphase microtubules are not required for polarized growth but for establishing an 
axis of polarized growth and maintaining this axis. Mutants with defective microtubule 
organization frequently display a bent or T shaped morphology. In contrast, mutants that 
completely fail to polarize are usually round. The first T-shaped and bent mutants that were 
identified had mutations in β-tubulin (Toda et al., 1983; Umesono et al., 1983). Mutations in γ-
tubulin can cause a similar phenotype (Paluh et al., 2000). In 1998, Radcliffe et al. identified 15 
mutants with altered polarity (alp) in a visual screen. The majority of these contained mutations 
within tubulin subunits, tubulin cofactors and microtubule regulating proteins (Radcliffe et al., 
1998). Mutants with short microtubules such as cells lacking proteins of the S. pombe +TIP 
complex described above also show the characteristic bent and branched phenotypes (Beinhauer 
et al., 1997; Browning et al., 2000a; Brunner and Nurse, 2000). The role of microtubules in 
polarizing the cell was further highlighted when microtubules were redirected to ectopic sites at 
the cell cortex. This led to relocalization of growth factors towards these sites and polarized 
growth (Minc et al., 2009; Terenna et al., 2008). Microtubules function in fisson yeast polarity 




proteins control growth by activating the Rho GTPase cdc42p and the formin for3p thus 
connecting the microtubule and actin cytoskeleton.  
Microtubules have a similar function in fibroblast migration. In the absence of microtubules 
fibroblasts are still able to polarize at random sites but are unable to migrate in a directional 
manner (Siegrist and Doe, 2007). Microtubules seem to regulate migration by contributing to 
activation of the Rho GTPase Rac1 at the leading edge. IQGAP1, a protein that functions in 
Rac1 activation, interacts with the +TIP protein CLIP-170 and can regulate microtubule 
organization (Fukata et al., 2002). In addition, the localization of at least 3 GEFs that control 
Rac1 activations seems to be regulated by microtubules or microtubule associated proteins 
(Siegrist and Doe, 2007).  
Microtubules are also involved in directing polarized growth in neurons. Here, localized 
stabilization of microtubules can lead to axon outgrowth (Witte et al., 2008). Weakening of the 
actin cytoskeleton can also result in axon formation (Witte and Bradke, 2008) indicating that 
microtubules and actin might collaborate in this process. 
In addition to the instructive roles described above, microtubules can also function in 
maintaining cell polarity by directing cellular transport. One prominent example is the 
immunological synapse formed by cytotoxic T cells when interacting with their target cells. 
During the prolonged interaction the T cell microtubule cytoskeleton is reorganized in such a 
way that the centrosome and with it the secretory apparatus become located near the 
immunological synapse (Stinchcombe et al., 2006). This facilitates fast and targeted delivery of 





Actin is a left-handed helical filament that can be used for a wide range of functions in the cell 
due to its dynamic structure. It is assembled from globular actin monomers (G-actin) which are 
bound to ATP. Monomers are added in a head-to tail manner creating a polar, linear filament (F-
actin). Upon incorporation into the filament actin subunits hydrolyze their ATP and release the γ-
phosphate creating two distinct ends. The barbed end is where addition of G-actin occurs 
preferentially while the filaments are disassembled from the pointed end (Pollard, 2007; Wegner, 
1976). This process is known as treadmilling. 
Addition of monomers to the barbed end is energetically favorable, but actin dimers and trimers 
are unstable so that nucleation factors are required for the generation of F-actin in the cell. In 
addition to nucleation factors a number of other groups of proteins regulate the formation of the 
actin network. Many proteins that promote growth, stabilize or cross-link bundles, regulate 
filament disassembly or sequester monomers are known (Pollard, 2007; Pollard et al., 2000; 
Pollard and Cooper, 2009). Spatial and temporal control and the activities of these actin 
regulating proteins influence what type of actin structure is assembled. Rho GTPases are one of 
the main regulators of actin assembly. They can directly activate formins which nucleate linear 
actin filaments and also participate in regulation of the Arp2/3 complex which is involved in 
formation of branched actin. In addition, Rho GTPases activate other signaling proteins that can 
regulate actin assembly (Ridley, 2006). In fission yeast there are 4 types of actin structures: the 
actomyosin ring, actin patches, actin cables and actin in mating projections (Adams and Pringle, 




Actin in mating projections is nucleated by the formin fus1p. These actin based structures are 
formed during nitrogen starvation when fission yeast cells of opposite mating types direct short 
mating projections called “shmoos” toward each other. 
The cytokinetic ring consists of linear F-actin filaments which are nucleated by the formin 
cdc12p. Initially, actin is nucleated from one or multiple cortical sites in the medial region of the 
cell (Chang, 1999; Vavylonis et al., 2008). Ring compaction is thought to be driven by the motor 
protein myosin II which pulls the filaments together into a compact ring structure. In addition, 
cross-linking proteins and filament-stabilizing proteins are involved in organizing the contractile 
ring (Mishra et al., 2014). It is required for cytokinesis (Balasubramanian et al., 2004), at least 
during the initial stages (Proctor et al., 2012), and defines the site of septum assembly as well as 
targeting secretion (Balasubramanian et al., 2012; Lee et al., 2012; Pollard and Wu, 2010; 
Rincon and Paoletti, 2012). 
Actin patches contain a dense network consisting of branched actin filaments. These branches 
are nucleated by the Arp2/3 complex (Pelham and Chang, 2001; Sirotkin et al., 2010; Winter et 
al., 1997; Young et al., 2004). Arp2/3 binds to a nucleation promoting factor (NPF) and a pre-
existing “mother” filament to generate a branch. The freshly nucleated actin filament is capped at 
its barbed end with capping proteins (Wear and Cooper, 2004; Wear et al., 2003) and also 
severed by cofilin generating a dense network with defined branching frequency (Sirotkin et al., 
2010). Actin patches are required for clathrin-mediated endocytosis and provide the force to 
overcome turgor pressure (Aghamohammadzadeh and Ayscough, 2009; Basu et al., 2014). 
Endocytosis is localized to cell tips during polarized cell growth and at the center of dividing 




Actin cables consist of bundles of short F-actin filaments (Kamasaki et al., 2005) which are 
nucleated by the formin for3p (Feierbach and Chang, 2001). For3p localizes to fission yeast cell 
tips and, since actin polymerization occurs at the barbed end, the barbed end is pointed towards 
the cell tips (Kamasaki et al., 2005). For3p has a very dynamic localization and remains at the 
cell tip for only short periods of time before it starts to move away from the cell tip with the 
elongating actin cable (Martin and Chang, 2006). Like many other formins, for3p activation is 
regulated by several proteins. The polarity proteins required for and the mechanism of for3p 
activation will be discussed below (0). Actin cables play an important role in polarized 
exocytosis which is required for polarized growth.  They provide the tracks for delivery of 
vesicles carried by the type V myosin myo52p. These vesicles carry components required for 
growth, for example enzymes for cell wall synthesis as well as membrane for cell tip expansion 
(Win et al., 2001). However, actin cables are not essential for growth as a for3Δ mutant is viable. 
for3Δ cells still grow in a polarized manner but have defects in cell morphology and in their tip 
growth pattern (Feierbach and Chang, 2001). This is due to a parallel pathway for vesicle 
tethering at the cell tip. It is mediated by the exocyst protein complex which is also controlled by 
polarity proteins (Bendezú and Martin, 2011). Cells deficient in either of the two pathways can 
still grow in a polarized manner but show some polarity defects as evidenced by cell shape 
defects. While actin cables are not entirely essential for polarized growth in fission yeast, actin is 
essential for growth. 
In budding yeast actin cables are essential for polarized growth. However, they are dispensable 
for the initial symmetry breaking event, i.e. local accumulation of the Rho GTPase and other 




most likely via positive feedback loops. In addition, they have a function in delivering factors 
required for growth.  
Actin also plays a major role in cell migration. Assembly of a dense actin network at the front of 
the cell leads to protrusions while a contractile acto-myosin network at the rear of the cell helps 
cell propulsion (Mullins, 2010). Activation of different Rho GTPases (Rac1 at the leading edge, 
Rho at the trailing edge) and microtubules control symmetry breaking and migration (Li and 
Gundersen; Siegrist and Doe, 2007). 
In C. elegans embryos cortical flows created by a contractile actomyosin network segregate 
polarity proteins into different domains thus giving rise to a polarized cell that will divide 
asymmetrically (Munro et al., 2004).  
1.1.4 Cdc42 – a master regulator of polarity 
Cdc42p is a central regulator of cell polarity and is conserved from simple eukaryotes to humans. 
It was first identified in 1990 in S. cerevisiae in a screen for temperature sensitive mutants 
defective in budding. At the restrictive temperature, cdc42-1ts cells continue to grow 
isotropically and fail to divide (Adams et al., 1990). The S. pombe homologue was identified in 
1994. In contrast to budding yeast, disruption of cdc42 leads to small, round cells that fail to 
grow (Miller and Johnson, 1994). S. pombe cdc42p shows 83% identity with human cdc42p and 
85 % identity with S. cerevisiae cdc42p. It can complement a budding yeast cdc42 mutant, 
underlining its highly conserved function throughout evolution (Miller and Johnson, 1994). 
Cdc42p is a member of the Rho family of small GTPases and belongs to the Ras superfamily. 
Like all members of this family, cdc42p acts as a switch, by cycling between an active GTP-




family members enables this switching. However it is tightly regulated by three groups of 
proteins. The activating guanine nucleotide exchange factors (GEFs) facilitate exchange of GDP 
for GTP, inactivating GTPase activating proteins (GAPs) enhance the G protein GTPase activity 
and guanine nucleotide dissociation inhibitors (GDIs) block nucleotide exchange and regulate 
localization (Johnson, 1999).  
 
Figure 1-1: Regulation of cdc42p activation 
 
GEFs possess a characteristic Dbl homology domain (DH domain) which catalyzes the exchange 
of Rho-bound GDP for GTP. The DH domain is named after the human oncogene Dbl, one of 
the first characterized GEFs (Hart et al., 1991). In addition, almost all GEFs contain a Pleckstrin 
homology (PH) domain which binds to phosphatidylinositols and aids in membrane localization 
(Ridley, 2001). GEFs are usually specific for one or few Rho GTPases within an organism. This 
specificity is determined by their sequence, in addition to regulation of their localization (Snyder 
et al., 2002). Fission yeast has two GEFs specific for cdc42p, scd1p and gef1p (Figure 1-2). 
Deletions of both S. pombe GEFs are not viable indicating that they have partially redundant 
functions (Coll et al., 2003). scd1 (shape and conjugation deficient 1), also known as ral1 (ras1 




1994; Fukui and Yamamoto, 1988). Scd1p likely is a target for ras1p. Cells deleted for scd1 are 
viable but have strong morphological defects, showing a lemon-shaped phenotype, in addition to 
mating defects. Scd1p requires a scaffolding protein, scd2p, in order to interact with cdc42p 
(Chang et al., 1994; Endo et al., 2003). Scd1p localizes to cell tips, the septum, as well as the 
nucleus and the spindle (Hirota et al., 2003). The second S. pombe cdc42-GEF, gef1p, is unusual 
in that it does not contain a PH domain. Cells deleted for gef1 display a normal morphology but 
have a slight defect in initiating growth at both cell ends and septation (Coll et al., 2003; Hirota 
et al., 2003). Gef1p overexpression leads to large, round cells. Gef1p localizes to the septum and 
cell tips and its tip localization is regulated by the nuclear/dbf2 related (NDR) kinase orb6p. 
Orb6p is a Ser/Thr kinase that plays an essential role in cell morphogenesis in fission yeast 
similar to NDR kinases in many other organisms (Hergovich et al., 2006). In the absence of 
orb6p kinase activity, gef1p is mislocalized to cell sides. There it ectopically activates cdc42p 
which leads to wider cells (Das et al., 2009).  
GAPs activate the intrinsic GTPase activity of Rho family members and can accelerate the 
hydrolysis rate of GTP to GDP and phosphate by factor of up to 10
5
 (Hakoshima et al., 2003). 
All GAPs share a characteristic GAP domain and are specific for their target GTPases (Lamarche 
and Hall, 1994). The only fission yeast cdc42 GAP that has been identified so far is rga4p (Rho-
type GTPase activating protein) (Figure 1-2) (Tatebe et al., 2008). Cells lacking rga4 are viable 
but are wider than wildtype cells. Rga4p localizes all around the cell cortex but is excluded from 
growing cell tips where cdc42p is activated (Das et al., 2007; Tatebe et al., 2008). This suggests 
that a function of rga4p is to prevent cdc42p activation at cell sides. Tatebe et al. showed a role 
for the DYRK (Dual-specificity tyrosine-phosphorylation-Regulated protein Kinase) pom1p in 




but shows a “sock-like” distribution. These mutants fail to activate cdc42p at the second cell end 
and grow in a monopolar manner (Tatebe et al., 2008). Pom1p localization in turn is regulated by 
the protein tea1p (see 1.2.2) 
Rho GTPases contain a characteristic CAAX sequence at their C terminus which can be 
prenylated. This lipid anchor contributes to their localization. GDIs can bind this lipid anchor 
and prevent Rho GTPases from localizing to the membrane. In addition, they can also block 
GDP release as well as GTP hydrolysis (Hoffman et al., 2000). Fission yeast possesses one 
putative GDI, rdi1p, which has not been characterized. 
 
 
Figure 1-2: Regulation of cdc42 in S. pombe  
 
In fission yeast, activated cdc42p oscillates between the two cell poles (Das et al., 2012). In cells 
that grow from only one cell end these oscillations are very asymmetric and activation of 
downstream targets and growth only occurs at one cell end. These oscillations are believed to be 
essential for bipolar growth. In one model, the two cell tips compete for the available cdc42p. A 
negative feedback loop causes oscillations in cdc42p levels at the two cell tips. It is thought that 
this relieves competition for cdc42p between an established and a new site of growth. In contrast, 




can also oscillate between different cellular sites in the absence of landmark cues indicating that 
here cdc42p is also controlled by a similar negative feedback loop (Howell et al., 2012). 
However, a strong positive feedback loop combined with competition for cellular polarity factors 
leads to the establishment of a singular site of polarization in a “winner takes it all”  model. It is 
thought that the combination of positive and negative feedback loops increases the robustness of 
cells towards varying concentrations of cdc42p (Howell et al., 2012). 
When cdc42p is in its active state it can bind its downstream effectors to regulate polarized 
growth. Many of these effectors contain a Cdc42/Rac interactive binding domain (CRIB, also 
PAK, GBD, PBD domain). PAK family protein kinases are conserved effectors of cdc42p and 
Rac. PAK kinases are activated or localized to specific cellular sites by binding to activated 
cdc42p or Rac. There they can phosphorylate a multitude of target proteins and affect cellular 
processes such as polarity, migration, and MAPK pathway activation (Arias-Romero and 
Chernoff, 2008; Hofmann et al., 2004). Fission yeast has 2 PAK kinases, shk1p (pak1p) and 
shk2p. Shk1p is an essential gene and plays an important role in establishing polarized growth. A 
loss of function allele of shk1, orb2-34, gives rise to depolarized cells at the restrictive 
temperature (Verde et al., 1995). Formins frequently are downstream effectors of Rho GTPases. 
Many formins are autoinhibited and direct binding of active Rho GTPases to the formin can 
relieve this autoinhibition. In fission yeast, cdc42p controls activation of the formin for3p for 
actin cable assembly (Martin et al., 2007). The mechanism of this activation will be discussed in 
chapter 1.2.3. Cdc42p and other Rho GTPases are also involved in exocyst regulation (Bendezú 
et al., 2012; Zhang et al., 2001). The exocyst functions in tethering vesicles for polarized 
exocytosis. Its function in polarized growth is partially redundant with the more long-range 




1.2 Polarity in Schizosaccharomyces pombe  
S. pombe is a highly polarized single cell organism in which polarity is established for directed 
growth, cell division, and mating. S. pombe is a well characterized model system in which many key 
factors have been identified. The simple organization compared to that of higher eukaryotes 
facilitates the analysis of this process. S. pombe can easily be genetically manipulated allowing for 
relatively rapid and rigorous analysis of gene functions.  
1.2.1 Polarized growth and new end take off - NETO 
In S. pombe, polarized growth is controlled in a cell-cycle dependent manner (Figure 1-3). The 
rod-shaped cells divide by medial fission. After cell division, S. pombe cells first start growth at 
their old, pre-existing end inherited from their mother. Later in G2 they initiate growth at the 
second, new end, which is was formed during septation. This process is known as “new end take 
off” (NETO). They then grow in a bipolar manner until they stop growth as they prepare to 
divide (Mitchison and Nurse, 1985). During cytokinesis the growth machinery is focused to the 
cell center where the septum forms. Two signaling networks coordinate the switch between 
mitosis and polarized growth in interphase. The morphogenesis orb6 network (MOR) is required 
for polarized growth and consists of the proteins pmo25p, nak1p, mob2p, mor2p and orb6p. 
Orb6p is the most downstream factor and can regulate growth via cdc42p activation. Deletion of 
any of these genes leads to depolarized, rounded cells. The septation initiation network (SIN) 
consists of spg1p, cdc7p, sid1p and sid2p and is required for cytokinesis. SIN can inhibit MOR 
to prevent premature tip growth (Gupta and McCollum, 2011). A third specialized group of 





The cytoskeleton plays an essential role in polarized growth. Actin is required for growth and 
localizes to sites of polarization. Actin cables help deliver vesicles to the cell tips which carry 
cell wall modifying enzymes (Bendezú and Martin, 2011). These modify the cell wall allowing 
for cell expansion driven by turgor pressure. The microtubule cytoskeleton is involved in 
directing growth by localizing landmark proteins to the cell tips. These microtubule-dependent 
proteins play a role in establishing new sites of growth after depolarization and are also required 
for NETO. NETO is not an essential component of the cell cycle and a low percentage of wild 
type cells do not switch to bipolar growth. This makes NETO an ideal process to study the 
mechanisms of establishment of a new site of growth in an otherwise healthy cell (Martin and 
Chang, 2005).  
 





The timing of NETO is very well regulated. It requires a minimum cell length of 9 μm and the 
completion of DNA replication (Mitchison and Nurse, 1985; Sawin and Nurse, 1998). The exact 
switch that controls NETO onset is unknown. Some perturbations to the cell can induce NETO 
independent of its regular controls. Actin perturbations in cells that were arrested in G1 lead to 
redistribution of actin to both cell ends and bipolar growth (Rupes et al., 1999). Artificially large 
cells that did not complete DNA replication are also able to activate a second site of growth 
(Castagnetti et al., 2007). In addition, forced recruitment and activation of an actin nucleator at 
the second cell end leads to premature NETO independent of its other controls (Martin et al., 
2005). A recent publication identified a new link between cell-cycle control and induction of 
NETO. The polo kinase plo1p is recruited to SPBs in early G2 at the same time as NETO occurs. 
This recruitment is controlled by mitosis-promoting factor (MPF). Plo1p recruitment to the SPB 
is required for NETO and artificial recruitment can induce premature NETO (Grallert et al., 
2013). This same signaling pathway triggers mitosis later in the cell cycle once other regulatory 
proteins allow for mitosis. 
Many factors required for NETO have been identified and will be described in more detail 
below. Microtubules deposit the polarity proteins tea1p and tea4p at cell tips, where they localize 
throughout interphase. During NETO these proteins recruit and activate other proteins such as 
the small GTPase cdc42p and the formin for3p (Figure 1-4) (Chang et al., 2005). In one current 
model, cdc42p oscillations between the two cell tips facilitate establishment of a second growth 
site (Das et al., 2012). However, the exact control of NETO and regulation of cdc42p activation 





Figure 1-4: Overview of NETO 
Why cells perform these changes in polarization is not fully understood. Might the regulation of 
growth at one end or two alter cell fitness? Delaying growth at the newly formed tip might be 
necessary to allow for cell wall restructuring (Bohnert and Gould, 2012). Budding yeast avoid 
growth at their previous bud site via a recently described mechanism. Overriding this inhibitory 
pathway leads to accelerated aging (Meitinger et al., 2014). Premature NETO could have similar 
consequences. Indeed, in tea1Δ cells aging is accelerated (Nika Erjavec, unpublished results). 
However, it is unclear if cell wall defects play a role since tea1Δ cells also display defects in 
segregating damaged proteins (Erjavec et al., 2008).  
1.2.2 Tea proteins 
A group of proteins in S. pombe has a very specialized role in polarized cell growth. These 
proteins are not required for polarized growth per se or only play a minor role in its regulation 
but are essential for NETO. The tea (tip elongation aberrant) group of proteins is a major group 
with this function. In fission yeast, 4 tea proteins, tea1-4p, have been characterized. They share 




Tea2p is a kinesin and part of the microtubule tip tracking complex. Its main function in NETO 
is to transport tea1p and tea4p to microtubule tips (Browning et al., 2003). It also localizes to cell 
tips but it is unclear if it has functions in polarity beyond microtubule regulation and tea1p 
transport. 
Tea1p was identified in a screen for cell shape mutants by Snell and Nurse (Snell and Nurse, 1994). 
In addition to completely round (orb) mutants they found a mutant that formed bent and branched, or 
T shaped, cells which they called tea1. Tea1p is a 127 kDa protein that contains six kelch repeats in 
its N terminus. Kelch repeats are short, about 50 amino acid long stretches that share little sequence 
homology. Each kelch motif forms a four-stranded β-sheet, and 4 to 7 of these sheets can form a β-
propeller. This β-propeller can participate in protein-protein interactions and a variety of binding 
partners have been identified (Adams et al., 2000). In addition, tea1p has an alpha helical coiled coil 
region in its C terminal half (Martin et al., 2005). This coiled coil region contains a sequence that is 
predicted to form a trimeric coiled coil and is important for membrane clustering of tea1p (Bicho et 
al., 2010) and its interaction with tea4p (Martin et al., 2005). The region between the kelch repeats 
and the coiled coil domain is predicted to be disordered (Dinkel et al., 2011).  
Tea1p was cloned by Mata and Nurse in 1997. They showed that it localizes at both cell tips 
throughout interphase independent of growth (Mata and Nurse, 1997). In addition tea1p also 
localizes to microtubule tips and this localization depends on the +TIP proteins mal3p, tip1p and 
tea2p (Behrens and Nurse, 2002; Feierbach et al., 2004; Snaith and Sawin, 2003). Mal3p is required 
for binding of a tip1p-tea1p complex to microtubule plus end (Browning et al., 2003; Busch and 
Brunner, 2004; Busch et al., 2004). In tea2Δ tea1p can still bind to microtubules but does not move 




transport is not entirely dependent on microtubules and it still can partially localize to one cell tip 
when microtubules are depolymerized (Snaith and Sawin, 2003). 
 
Figure 1-5: Tea1p localization (red) during interphase. Microtubules are shown in green. 
 
Tea1p does not only localize to microtubule tips but it also regulates microtubules. In cells deleted 
for tea1 microtubules sometimes fail to stop when reaching the cell cortex and curl around cell tips. 
Tea1p overexpression leads to short microtubules (Mata and Nurse, 1997). Cortical localization of 
tea1p is not required for its microtubule regulating function. A tea1p truncation protein that can 
localize to microtubules but not to cell tips is able to rescue the microtubule defects of a tea1 mutant 
but not the polarity defects (Behrens and Nurse, 2002).  
Tea1p exists in multiple high molecular weight complexes (Feierbach et al., 2004) indicating that it 
interacts with different sets of proteins (Fischer et al., 2008; La Carbona et al., 2006; Martin, 2009). 
Indeed, cell cortex localization requires different interactions than microtubule tip localization. The 
main regulator of tea1p localization to cell tips is the membrane anchor protein mod5p (morphology 
defective 5) (Snaith and Sawin, 2003). Mod5p has a C-terminal CAAX sequence that is prenylated 
and mediates its membrane localization. In the absence of mod5p, tea1p loses most of its cortical 
localization and accumulates more strongly at microtubule tips. On the other hand, when tea1 is 
deleted mod5p localizes all around the cell cortex instead of only to cell tips. It has been suggested 
that mod5p helps incorporate tea1p into larger clusters that are formed via the trimeric coiled coil 




Tea1p works closely with another tea protein, tea4p, in regulating polarity. Tea4p is an SH3 domain 
containing protein that was identified as a tea1p interacting protein as well as an interactor of a 
stress-activated MAPK cascade (Martin et al., 2005; Tatebe et al., 2005). Tea4p colocalizes with 
tea1p on microtubule plus ends and cell tips. Like tea1p, it depends on +TIPs as well as mod5p for 
its correct localization. In addition, tea4p localization is tea1p dependent and the protein is almost 
entirely cytoplasmic in the absence of tea1p (Martin et al., 2005).  
Tea1p and tea4p have two main functions in polarized cell growth. First, they act as landmark 
proteins marking sites of growth. In the absence of tea1p and tea4p cells frequently are bent and tea1 
and tea4 mutants form aberrant growth sites at the cell cortex and branch. This branching phenotype 
is exacerbated when cells recover from a variety of stress conditions, e.g. heat stress (Mata and 
Nurse, 1997) indicating that tea1p is required to re-establish normal polarized growth. Additionally, 
tea1p’s and tea4p’s landmark function, together with the tip proteins pom1p, is also involved in 
preventing cell division at cell tips (Huang et al., 2007). Second, tea1p and tea4p are essential factors 
for NETO. Most tea1Δ and tea4Δ cells do not undergo NETO (Behrens and Nurse, 2002; Feierbach 
et al., 2004; Martin and Chang, 2005) and fail to reorganize the actin cytoskeleton to a bipolar 
localization. Many other polarity proteins, including cdc42p and for3p, show a monopolar 
localization in tea1Δ and tea4Δ mutants indicating that they play a central role in recruiting these 
factors to the new end. In addition to the NETO defect, tea1Δ and tea4Δ cells also have an aberrant 
growth pattern in which one of the two daughter cells grows from the old end while the other one 
grows from only the new end (Glynn et al., 2001; Martin et al., 2005).  
Two pathways for the molecular role of tea1p and tea4p in NETO have been identified. First, tea1p 
and tea4p play a role in the regulation of cdc42p. Tea1p and tea4p regulate localization of the kinase 




chapter 1.1.4 (Tatebe et al., 2008). Tea4p might also play a role in rga4p exclusion and recruitment 
of gef1p by binding to catalytic subunits of type I phosphatase (PP1) (Kokkoris et al., 2014). Ectopic 
recruitment of tea4p or PP1 is sufficient to activate cdc42p and induce growth at these sites. 
Additionally, PPI can also regulate pom1p localization (Hachet et al., 2011). The second pathway is 
the direct regulation of for3p via tea4p (Martin et al., 2007). 
Tea3p was identified based on its homology to tea1p. Like tea1p it has N-terminal kelch repeat 
motifs and a coiled coil region in its C terminal half. Tea3p localizes to dots at the cell tips like the 
other 3 tea proteins, and also partially colocalizes with them. However, tea3p is not transported on 
microtubules (Arellano et al., 2002). At the cortex tea3p interacts with both tea1p and mod5p and 
depends on them for localization (Arellano et al., 2002; Snaith et al., 2005). In a tea1 mutant it 
localizes to dots at cell sides in addition to the cell tips whereas a mod5 mutant has few bright tea3p 
dots at the cell tips and in the cytoplasm. Tea3Δ cells have a similar phenotype to tea1Δ, tea4Δ and 
tea2Δ cells but there are also significant differences. Similar to the other 3 tea mutants, cells lacking 
tea3 are monopolar and about 70 % of cells fail to undergo NETO. In addition, newborn cells also 
display the new end-old end growth pattern. In contrast to the other tea mutants tea3Δ cells do not 
form branches (Arellano et al., 2002) indicating that tea3p plays a role only in activating NETO but 
not as a landmark protein. Tea3p does also not participate in the exclusion of the GAP rga4 from cell 
tips (Tatebe et al., 2008). It has been suggested that tea3p forms clusters that are distinct from tea1p 
and tea4p clusters (Dodgson et al., 2013) and therefore might form a separate functional unit in 






Figure 1-6 Model of polarity control for NETO  
Several fungi that grow as hyphae show dependence on microtubules and have proteins with 
homology to tea proteins in S. pombe. One significant difference to S. pombe is that in these cells 
microtubules often play a role in long-range transport of vesicles required for growth, in addition 
to regulating the localization of cell tip proteins. In Aspergillus nidulans homologues of tea1p, 
tea4p, tea2p, mod5p and for3p have been identified. Sequence conservation between some of 
these proteins is very low. TeaA shows 27 % sequence identity with tea1p, and beween TeaC 
and tea4p only 12.5 % of the sequence is conserved (Higashitsuji et al., 2009; Takeshita et al., 
2008). Deletion of teaA and teaC leads to zigzag hyphal growth while deletion of the gene 
coding for the mod5p homologue, teaR, causes curved hyphae. This implicates these proteins in 
controlling the direction of polarized growth (Takeshita et al., 2008). In addition, TeaA 
localization is microtubule dependent and it can localize to microtubule plus ends, as well as 




oryzae and Colletotrichum lagenarium, two plant pathogens, homologues of tea1p and tea4p 
have also been identified. They play a role in hyphal polarity and appresorium development 
(Dagdas et al., 2012; Sakaguchi et al., 2008). Recently, a tea4p homologue was identified in 
Ustilago maydis. This fungus can grow either in a yeast-like or a filamentous form. Cells lacking 
tea4 bud from both cell poles in the yeast-like form while the filamentous form is less straight 
and forms lateral buds (Valinluck et al., 2014). In addition, tea4Δ cells have defects in cell width, 
cell separation and cell wall deposition. Interestingly, Umtea4p contains a Ras-associating 
domain in addition to the conserved SH3 domain. U. maydis also contains a tea1p homologue 
(Woraratanadharm, 2013). 
Like S. pombe, S. cerevisiae relies on the small GTPase cdc42 for polarized growth. However, 
microtubules are not required for polarized growth in S. cerevisiae (Takeshita et al., 2008) and 
the role of kelch repeat proteins is much less conserved in this yeast. Budding yeast uses a 
different set of landmark proteins to specify its bud site and initiate polarized growth. However, 
S. cerevisiae also has two kelch repeat proteins, Kel1 and Kel2 that play roles in cell polarity 
(Cullen and Sprague, 2002; Gould et al., 2014; Philips and Herskowitz, 1998). Both kelch-repeat 
proteins localize to sites of polarized growth and interact with Bud14p, a protein with homology 
to tea4p. Together they may function in spindle orientation via microtubule stabilization (Knaus 
et al., 2005). Bud14p, like tea4p, is able to interact with a formin, Bnr1, though it acts as an 
inhibitor of the formin in budding yeast (Chesarone et al., 2009). 
This indicates that the system of tea proteins shows functional conservation across many fungal 
species. Modules from this system seem to be conserved even in S. cerevisiae but adapted to the 




1.2.3 Regulation of for3p in polarity 
Efficient polarized growth requires actin cables nucleated by the formin for3p. Fission yeast 
for3p localizes to growing cell tips and this localization and its activation is regulated by several 
polarity proteins.  
Formins are often autoinhibited. They contain an N-terminal domain called Diaphanous 
Inhibitory domain (DID) that can interact with a C-terminal region called Diaphanous 
Autoregulatory domain (DAD) (Li and Higgs, 2005). This interaction blocks the domains 
required for actin nucleation. Rho GTPases can relieve this autoinhibition by binding to a 
GTPase binding domain located before the DID. Fission yeast for3p is also regulated by 
autoinhibition. Martin et al. showed that for3p uses a non-canonical DAD-like domain for this 
intramolecular interaction. Like in other formins, cdc42p can bind a GBD next to the DID and 
relieve autoinhibition (Martin et al., 2007). 
In fission yeast, a second protein has also been implicated in regulating for3p activation. Bud6p 
can bind to the DAD and is thought to participate in relieving autoinhibition as well as in aiding 
for3p localization to the cell tip (Martin et al., 2007). Interestingly, bud6p is only required for 
for3p activation and recruitment at the new end. Bud6 mutants are polarized but do not undergo 
NETO and grow primarily in monopolar manner (Glynn et al., 2001). Another NETO-specific 
factor, tea4p, is also required for for3p recruitment to the new end. Tea4p acts as a bridge 
between tea1p and for3p to help recruit for3p to the new end. Tea4p as well as bud6p 
localization are tea1p dependent, which underlines the significance of tea1p for NETO. 
1.2.4 Cdc42p and control of NETO 
Cdc42p is required for global polarity control and NETO. As described above, S. pombe cells 




very asymmetric and symmetric oscillations and growth at the new end only occur when the 
landmark proteins tea1p, tea4p, tea3p, and several other polarity factors are present. They can 
specifically regulate the activation of cdc42p during NETO. Two pathways involving tea1p and 
tea4p in the regulation of cdc42p via the GAP rga4p and the GEF gef1p have been identified 
(Kokkoris et al., 2014; Tatebe et al., 2008). In the absence of tea1p, cdc42p still oscillates 
between the two cell tips but these oscillations remain highly asymmetric. Thus, both a negative 
feedback loop and the activity of NETO-specific polarity proteins are required for bipolar 
growth. However, many aspects of cdc42p regulation during NETO are not understood. 
In addition to tea1p and tea4p, several of the cdc42p regulating proteins in S. pombe seem to 
have NETO specific functions. Cells lacking the GEF gef1p have a mild NETO defect (Coll et 
al., 2003). Tagging scd1p with C-terminal GFP seems to interfere with its function and leads to 
an increased number of monopolar cells (unpublished observation). Cells lacking the GAP rga4p 
also have NETO defects (Tatebe et al., 2008). Shk1p is a PAK kinase that functions downstream 
of cdc42p and is likely involved in the negative feedback loop causing cdc42p oscillations. Cells 
with a mutant allele of shk1, orb2-34, also display a monopolar phenotype (Sawin et al., 1999; 














function domains references 
mal3p Bim1 EB1 +TIP CH, EBH 
 (Akhmanova and Hoogenraad, 
2005) 
tip1p Bik1 CLIP-170 +TIP CAP-Gly 
 (Akhmanova and Hoogenraad, 
2005) 
tea2p Kip2   +TIP, kinesin Kinesin motor 







membrane anchor  CAAX  (Snaith and Sawin, 2003) 
tea1p, tea3p Kel1, Kel2, Bud14 
multiple Kelch 
proteins 
polarity regulation kelch repeats 
(Gould et al., 2014) 
tea4p Bud14 fungal specific 
polarity and formin 
regulation 
SH3  
(Martin et al., 2005) 
tea5p   STRAD polarity regulation pseudokinase 
this work, (Baas et al., 2003) 
bud6p Bud6 fungal specific 
actin and formin 
interacting 
actin interacting 
protein 3 domain 
 (Glynn et al., 2001) 







 (Fischer et al., 2008) 




scd1p, gef1p Cdc24 
multiple cdc42 
GEFs 
GEF for cdc42 DH domain 
 (García et al., 2006; Rossman et 
al., 2005) 
rga4p Rga1, Rga2, Bem3 
multiple cdc42 
GAPs 
GAP for cdc42 Rho GAP domain 





effector of cdc42p 
CRIB domain, PAK 
kinase domain 




NDR kinase S/T kinase domain 
(Hergovich et al., 2006) 




1.2.5 Other polarity regulators in fission yeast 
In addition to the tea proteins many other factors and processes are involved in regulating 
polarized growth in fission yeast.  
End4p/sla2p is a protein that is involved in both endocytosis and actin organization. Deletion of 
its talin domain which is responsible for actin organization leads to monopolar growth 
(Castagnetti et al., 2005). 
Mutants with defects late in cytokinesis often fail to initiate bipolar growth. This could be caused 
by insufficient restructuring of the cortex or persistence of cytokinetic proteins that might act as 
negative regulators of NETO (Bohnert and Gould, 2012). A recent publication showed a similar 
mechanism in budding yeast where cytokinetic remnants at the previous division site inhibit 
formation of a new bud at the same site (Meitinger et al., 2014). 
Myo52p has a second role in polarity in addition to its function in actin-cable mediated directed 
transport. Is it required for tip1p localization to cell tips. In the absence of myo52p tip1p is not 
transferred from the microtubule tip and remains on shrinking microtubules. In addition, myo52p 
is also involved in mediating the ubiquitination of tip1p which targets tip1p to the proteasome 
and in regulating microtubule organization (Martín-García and Mulvihill, 2009). Several 
deubiquitinating enzymes also seem to play a role in regulating polarity and localize to cell tips 
(Kouranti et al., 2010). 
Phosphorylation events seem to play an important role in NETO regulation. Many different 
kinases with roles in NETO have been identified. The role of MPF and plo1p as a potential 
NETO switch was already described above (Grallert et al., 2013). Shk1p is a PAK kinase that 




orb2-34 displays NETO defects at the permissive temperature (Sawin et al., 1999). A potential 
shk1p target is tea1p since it can be phosphorylated by shk1p in vitro (Mendoza et al., 2005). 
Cells deleted for the kinase ssp1p show defects in NETO that are likely caused by failure to 
reorganize the actin cytoskeleton (Rupes et al., 1999). Pom1p is a dual specificity Ser/Thr and 
Tyrosine kinase that localizes to cell tips. pom1Δ have NETO and cell shape defects similar to 
tea1Δ cells (Bähler and Nurse, 2001; Bähler and Pringle, 1998). As described above pom1p can 
regulate polarized growth via control of the cdc42p GAP rga4p (Das et al., 2007; Tatebe et al., 
2008). Pom1p also has additional roles in cell size control (Martin and Berthelot-Grosjean, 2009; 
Moseley et al., 2009; Saunders et al., 2012) and localization of the division plane (Padte et al., 
2006). Kin1p is another kinase that localizes to cell tips and plays roles in both polarity during 
interphase as well as division plane placement. kin1Δ mutants have NETO and cell shape defects 
(Drewes and Nurse, 2003; Levin and Bishop, 1990) which might be caused by impaired cell wall 
remodeling at the division site (La Carbona et al., 2004). Kin1p belongs to the family of 
microtubule affinity regulating kinases and some evidence suggests that it might play a role in 
microtubule organization (La Carbona et al., 2004). Kin1p also plays a role in centering the 
nucleus in interphase cells. Loss of kin1p function leads to cells that divide off-center and this 
pathway seems to act in parallel with pom1p in division plane placement (Cadou et al., 2009; La 
Carbona and Le Goff, 2006). The 1/3 polyphosphate kinase asp1p is required for NETO 
(Pöhlmann and Fleig, 2010) and can regulate microtubule dynamics (Pöhlmann et al., 2014) by 
inhibiting catastrophe when microtubules contact the lateral cortex similar to tip1p. In addition, 
asp1p plays a role in regulating hyphal growth (Pöhlmann and Fleig, 2010). At least 34 
additional kinases, including all 3 MAPK pathways and many unknown kinases, have been 




Phosphatases with roles in NETO have also been identified. The two phosphatases dis2p and 
sds21p are involved in regulating rga4p as well as gef1p with tea4p as their regulatory subunit 
(Kokkoris et al., 2014). In addition, dis2p phosphatase activity also regulates pom1p kinase 
localization by dephosphorylation of its membrane binding site (Hachet et al., 2011). 
Dephosphorylation of tip1p by calcineurin can lead to a delay in NETO and reduction of 
microtubule dynamics in response to DNA damage checkpoint activation (Kume et al., 2011). 
1.3 Pseudokinases 
Kinases play an essential role in regulation of NETO and polarity in other cell types. In this work I 
identify and characterize a pseudokinase that is a new member of the tea proteins in S. pombe. In the 
following chapter I will give an overview of pseudokinases and their potential functions. 
1.3.1 Overview of kinases 
Many cellular processes are regulated by protein phosphorylation which is carried out by a 
diverse group of enzymes called kinases. It is estimated that about 30 % of all proteins in the cell 
get phosphorylated (Cohen, 2000). For example, phosphorylation events are crucial to regulate 
cell cycle progression, metabolism, DNA replication, mating, and growth. The transfer of a 
phosphate group onto the target protein can modify its localization, activity and interactions.  
Fischer and Krebs published the first report of a protein kinase in 1955. They reported the 
existence of an enzyme which is able to convert glycogen phosphorylase b to phosphorylase a in 
the presence of ATP and a divalent metal ion (Fischer and Krebs, 1955). Soon other kinases were 
identified and their family grew to one of the largest protein families comprising 518 protein 




The first crystal structure of a kinase was solved in 1991 (Knighton et al., 1991a; Knighton et al., 
1991b). The structure of PKA-C shows 2 different lobes, a smaller NH2-terminal lobe 
consisting mostly of antiparallel -sheets and a larger COOH-terminal lobe rich in -helices, 
separated by a hydrophobic cleft. Figure 1-7 shows an example of a kinase structure. Hanks and 
Hunter defined 12 conserved subdomains and mapped these onto the kinase structure (Hanks and 
Hunter, 1995). Subdomains I-IV are in N terminus, VIA-XI in C, V spans both lobes. 
Subdomains I and II function in anchoring and orienting ATP. The Glycine-rich loop in 
subdomain 1 as well as the VAIK motif in subdomain II interact with the non-transferable 
phosphates of ATP. In addition, the adenine ring is stabilized via hydrophobic interactions. The 
“Signal integration motif”, an alpha helix in subdomain III, interfaces with the “activation loop” 
from the COOH-terminal lobe (Johnson et al., 2001). The COOH-terminal lobe contains most of 
the residues required for phosphate transfer onto the substrate. Subdomain VIB comprises the 
hydrophobic beta strands 6 and 7 and contains the catalytic loop. Asp166 from the HRDLKxxB 
motif acts as proton acceptor during phosphotransfer to the substrate. Beta strands 8 and 9 form 
subdomain VII. They contain the DFG motif where Asp184 chelates the Mg2+ ions involved in 
coordinating the beta and gamma phosphates of ATP. Subdomain VIII plays a large role in 
substrate recognition. In addition, it contains the activation loop and the conserved APE motif. 
Many kinases have to be phosphorylated in this region to be fully active, in the case of PKA on 
Thr197. This leads to a conformational change leading to correct orientation of catalytic residues 
and the substrate. Subdomain IX contains alpha helix F and a highly conserved Asp residue (Asp 
220) involved in stabilizing the catalytic loop. Subdomain X consist of the poorly conserved 




elements from both lobes, beta strand 5 from the small lobe and alpha helix D from the large 
lobe, in addition to a connecting strand.  
 
 
Figure 1-7 Structure of a kinase 
The N lobe is shown in teal, the C lobe is shown in red (reproduced from (Taylor and Kornev, 
2011))  
 
In addition to these linear sequence motifs conserved spatial motifs were identified. These have 
been termed “spines”. The Regulatory (R) spine consist of the four hydrophobic residues 
Leu106, Leu91 (C helix), Phe185 (activation loop) and Tyr164 (catalytic loop, TRD motif in 
PKA, HRD in most other kinases). C helix and activation loop are very flexible and enable the 
dynamic assembly and disassembly of the spine. Tyr164/His stabilizes the R spine by anchoring 
it to the conserved Asp of subdomain IX. The second spine is the Catalytic (C) spine. It is 
formed by several residues from both N and C lobe (Val57, Ala70, Leu173, Leu172, Leu174, 




is anchored on the F helix (via Leu227 and Met231) highlighting the important structural role 
subdomain IX plays in kinases (Kornev et al., 2008). 
Initially, it was believed that Asp166 HRD acted as a catalytic base that accepts a proton from 
the hydroxyl group of Ser/Thr before phosphorylation. However, more recent structural, 
computational and biochemical studies suggest that kinases do not use acid-base catalysis to 
phosphorylate their substrates and that the conserved Asp166 plays a crucial role in positioning 
the substrate correctly in the active site via hydrogen bonding (Figure 1-8) 
 
 
Figure 1-8 PKA active site  
reproduced from (Adams, 2001) 
 
As mentioned above, most kinases are regulated by phosphorylation at one or more conserved 
threonine residues within the activation loop. The activation loop is one of three components of 
the activation segment, which starts at the DFG motif, and ends with the P+1 loop COOH-




phosphorylation site. It also contains the APE motif which docks the activation segment to the F 
helix. The activation segment is only assembled once the kinase is phosphorylated, either by 
intra- or intermolecular autophosphorylation, or by another kinase. In the active conformation, 
Asp184 of the DFG motif interacts with Mg2+ and the Phe185 aligns with the other R spine 
components. This conformation is relatively similar between all active kinases. The inactive 
conformation, however, varies between different kinases. They all have in common that the R 
spine is broken. This is often achieved by changing the position of the DFG motif to the “out” 
conformation, which leads to a steric block of the ATP binding site by Phe185 (Aimes et al., 
2000; Grant et al., 1996). In some kinases the DFG motif stays in the correct place but the R 
spine is broken in a different location, for example by moving the C helix (Xu, 1997; Xu et al., 
1999). 
Kinases have varying degrees of specificity and recognize between one and many different 
substrates in the cell. A screen of S. cerevisiae kinases found up to 256 target proteins with an 
average of 47 targets per kinase (Ptacek et al., 2005). Substrate recognition is mediated via 
kinase specific consensus motifs that interact with the kinase via charged residues, hydrogen 
bonds or hydrophobic interactions. These were first identified by using different isoforms of 
known kinase substrates (Kemp et al., 1975) and synthetic peptide substrates (Daile et al., 1975). 
In general, affinity of kinases for peptides much lower than for their native protein substrates 
suggesting that sites outside of the kinase active center are also involved in substrate recognition. 
In Ser/Thr kinases these distal docking sites are usually located within the kinase domain 
whereas Tyr kinases often use interaction motifs outside the kinase domain (Hubbard and Till, 





With the advent of whole genome sequencing it became possible to identify the entire kinome of 
an organism using bioinformatics. For example, the human (Manning et al., 2002), mouse 
(Caenepeel et al., 2004), S. cerevisiae (Hunter and Plowman, 1997), S. pombe and many other 
fungal kinomes (Kosti et al., 2010; Rhind et al., 2011) have been described. Surprisingly, around 
10 % of human and murine kinases were lacking at least one of the residues considered crucial 
for catalysis (Lys of VAIK, Asp of HRD and DFG motifs) (Caenepeel et al., 2004; Manning et 
al., 2002). Boudeau et al. classified them into 7 groups according to which of the catalytic motifs 
were mutated (Boudeau et al., 2006). Pseudokinases can be found in all kinase superfamilies and 
may consist of only the pseudokinase domain or be part of a larger protein.  
Despite lacking catalytic activity pseudokinases can have important functions in the cell. One 
way pseudokinases can regulate cellular functions is by activating a functional kinase. The best 
studied example for this mechanism is the human pseudokinase STRAD and the active kinase 
LKB1, an orthologue of C. elegans Par-4. LKB1 is a tumor suppressor and inactivating 
mutations have been associated with various sporadic cancers. LKB1 is involved in regulating 
cellular energy levels via AMPK activation and cell polarization through reorganization of the 
actin cytoskeleton and cdc42 regulation (Baas et al., 2004; Zhang et al., 2008). STRAD belongs 
to the STE20 kinase family and has mutations in both the DFG and HRD motifs. LKB1 is not 
regulated by phosphorylation of its activation loop but by an allosteric mechanism. The 
pseudokinase domain of STRAD directly binds to the LKB1 kinase domain (Baas et al., 2003) 
which leads to an increase in LKB1 catalytic activity. MO25, an armadillo repeat protein, acts as 
a scaffold, stabilizing this interaction (Boudeau et al., 2003). The crystal structure of this 




region and activation loop of STRAD interact with LKB1 while LKB1’s activation loop is bound 
by MO25 (Zeqiraj et al., 2009).  
A second mechanism of pseudokinase function is through dominant-negative inhibition of an 
active kinase. The S. cerevisiae protein GCN2 contains both an active and a pseudokinase 
domain. In the inactive protein the pseudokinase domain binds to the kinase as well as another 
region of the protein thereby blocking access of the kinase active site. When the protein is 
activated by phosphorylation a conformational change removes the autoinhibitory pseudokinase 
domain from the active center (Qiu et al., 1998). 
Pseudokinases can also regulate proteins that are not kinases. ROP5 is a pseudokinase from 
Toxoplasma gondii that can downregulate the innate immune response in mice. IRG proteins are 
IFNg inducible GTPases that confer resistance to Toxoplasma infection in mice. ROP5 directly 
binds to Irg6 with a region opposite of its pseudoactive site and stabilizes the inactive, GDP-
bound state of Irg6. This prevents Irg6 from oligomerizing and becoming activated. In addition, 
ROP5 binding and associated conformational changes also facilitates phosphorylation of Irg6 by 
the active kinase ROP18 which further inactivates the GTPase (Fleckenstein et al., 2012).  
Pseudokinases can also act as scaffolds. One example is TRRAP (transformation/transcription 
domain), or tra1p in S. pombe. TRRAP proteins function as scaffolds for histone acetyl 
transferase complexes and also interact with several transcription factors (Boudeau et al., 2006). 
S. pombe Tra1 has also been implicated in cell size control (Calonge et al., 2010). However, the 
role of the TRRAP pseudokinase domain in either of these functions is not known. 
Not all predicted pseudokinases are inactive. Recent studies have showed kinase activity for 




activated Ser-Thr kinase (CASK) uses an unusual catalytic mechanism to phosphorylate target 
proteins (Mukherjee et al., 2008). 
1.4 Aim of this thesis 
In this thesis, I examine the contributions of a several factors to polarized growth in fission yeast. 
In chapter 2 I describe and characterize a newly identified pseudokinase, tea5p that plays a role 
in NETO. I find that it functions as an inactive kinase in polarized growth. Together with tea3p 
tea5p defines a new pathway downstream of microtubules that functions in initiating bipolar 
growth. In chapter 3 I analyze the contribution of microtubules to NETO and cell growth patterns 
after cell division. I find that the absence of microtubules triggers premature initiation of NETO 











2 REGULATION OF CELL POLARITY BY 







Cell polarization introduces asymmetry. This enables cells to acquire and maintain a given 
shape, localize proteins or entire processes such as secretion to specific sites, and thus to perform 
the specialized functions that keep the cell, organ and organism alive. Cells use their 
cytoskeleton together with landmark proteins to polarize. In several cell types, such as neurons, 
migrating fibroblasts and fission yeast, microtubules control polarization. 
The fission yeast Schizosaccharomyces pombe shows a highly regulated pattern of polarized 
growth. After division, the rod-shaped cells initiate growth at only one cell end. Later the second 
cell end starts to grow during new end take off (NETO) (Mitchison and Nurse, 1985). 
Interestingly, NETO is not essential. Mutants defective in NETO provide a unique opportunity to 
study the mechanisms of cell polarization in an otherwise healthy cell.  
Microtubules play an important role in polarization in S. pombe while actin is required for cell 
growth. Interestingly, microtubules are not essential for polarized growth per se but are required 
for establishing and maintaining a straight axis of polarized growth. Many mutants with 
microtubule defects display aberrant morphologies with bent and branched cells (Beinhauer et 
al., 1997; Browning et al., 2000a; Brunner and Nurse, 2000; Paluh et al., 2000; Toda et al., 1983; 
Umesono et al., 1983). In addition, microtubules are required for NETO.  
The proteins linking microtubules to the activation of growth are the kelch repeat protein tea1p 
and the SH3-domain protein tea4p (Martin et al., 2005; Mata and Nurse, 1997; Tatebe et al., 
2005). Both proteins are transported on microtubule plus ends and transferred to the cell cortex at 




Deletion of tea1 or tea4 leads to monopolar growth and, particularly after exposure to stress, 
branched cells. During NETO they activate the nucleation of actin cables via the formin for3p. 
For3p is directly regulated by tea4p, in addition to bud6p and the small Rho GTPase cdc42p 
(Martin et al., 2005; Martin et al., 2007; Rincón et al., 2009). 
Cdc42p is a highly conserved regulator of polarized growth. It is regulated by inactivating 
GTPase activating proteins (GAPs), rga4p in S. pombe (Das et al., 2007; Tatebe et al., 2008), and 
guanine nucleotide exchange factors (GEFs), scd1p and gef1p in S. pombe (Coll et al., 2003; 
Hirota et al., 2003). Tea1p and tea4p have been shown to play a role in activating cdc42p during 
NETO. First, exclusion of the GAP rga4p from the new end is tea1p and tea4p dependent 
(Tatebe et al., 2008). Second, tea4p targeted to ectopic sites can induce growth and this is 
dependent in rga4p and gef1p (Kokkoris et al., 2014). Another kelch repeat protein, tea3p, is also 
required for NETO and for3p recruitment to the new end (Arellano et al., 2002). Its exact role in 
the NETO has not been established. It is still unclear how different polarity pathways are 
connected and how exactly cdc42 is activated during NETO. 
To identify additional NETO factors we performed a genome-wide visual screen for mutants that 
show monopolar growth. One newly identified NETO factor from this screen is a pseudokinase 
tea5p. We found that tea5p is in a complex with tea1p and tea3p and localizes with them to cell 
tips. It shows extensive genetic interactions with the other tea proteins. This suggests it is a new 
component of the tea1 pathway. We further show that tea5p is involved in activating cdc42p at 






tea5Δ is a new NETO mutant 
We screened the Schizosaccharomyces pombe genome-wide deletion library for mutants with 
aberrant organization of sterol rich membrane domains using the dye Filipin, which binds to 
sterols. One group displayed monopolar localization of these domains and included the known 
monopolar mutants tea1, tip1 and rho3. Sterol rich membrane domains are thought to be 
associated with sites of growth in many organisms including S. pombe (Wachtler, 2003). This 
prompted us to perform a secondary screen to test whether this group contained true monopolar 
mutants that have defects in initiating growth at the second cell end. Using the dye calcofluor 
white which stains cell wall material but is less concentrated in the birth scar, we identified 5 
new monopolar genes in this screen (Figure 2-1 A, Suppl. Figure 2-9 A). The new monopolar 
mutants identified in this screen are ppk2, arp8, ubi1, rpl1602 and SPAC4G9.15. Since NETO is 
not required for viability and cells that have defects in NETO grow at wildtype growth rate we 
tested the growth rate of these 5 mutants. The ppk2 (putative protein kinase 2) mutant was the 
only one in this group that displayed a growth rate identical to wildtype cells (Suppl. Figure 2-9 
B). Based upon its properties described below we named this gene tea5 (tip elongation aberrant 
5). The amino acid sequence of tea5p is predicted to have a kinase domain with sequence 
variations in its active site, suggesting it is a pseudokinase. 
To test whether tea5p is strictly required for NETO or the deletion just causes a delay in NETO, 
we looked at tip growth in cdc25-22 cells. These cells are arrested in G2 and continue 
elongating, allowing additional time to initiate NETO. cdc25-22 tea5Δ cells still do not undergo 
NETO confirming that it is an actual NETO defect (Figure 2-1 B, C). Once wildtype cells initiate 




actin cables. For3p as well as actin (Figure 2-1 D, E) display a monopolar localization in a tea5Δ 
mutant. 
We performed time-lapse microscopy to investigate the growth pattern of tea5Δ cells. 70 % of 
cells fail to grow from the second cell end. In addition, 91 % of cells show an aberrant growth 
pattern with one of the daughters initiating growth from the new instead of the old end. Changes 
in growth pattern are characteristic for polarity mutants. A new end – old end growth pattern is 
also observed in tea1, tea4 and tea3 mutants (Figure 2-1 F). 
In addition to a function in NETO, tea1p and tea4p function in labeling cell ends for growth. 
tea1Δ and tea4Δ cells sometimes grow from the cell sides especially when subjected to stress 
conditions. This phenotype is not observed in tea5 mutants (Suppl. Figure 2-9 C) suggesting that 
tea5p function is more specific for NETO than tea1p and tea4p. tea1 tea5 double mutants or tea1 
tea4 tea5 triple mutants show the same phenotype as tea1 and tea4 single mutants indicating that 
tea5p functions in the same pathway as tea1p and tea4p (Suppl Figure 2-9 D). 
Tea5p overexpression causes loss of polarity 
The monopolar phenotype suggests that tea5p plays a role in cell polarity. We wanted to see if 
tea5p also can activate polarity pathways when it is overproduced. When tea5p is overexpressed 
by ~100 fold from a plasmid with an nmt1 promoter cells lose polarity and start to become wider 
which eventually leads to round cells (Figure 2-2 A). This is accompanied by a change in tea5p 
localization from the cell tip to everywhere on the cell cortex (Figure 2-2 A, bottom panel). 
Rounding of cells is accompanied by loss of polarity of actin patches and depolarization of for3p 




other polarity proteins (discussed below and shown in Figure 2-6 and Figure 2-7) and not due to 
defects in endocytosis (Suppl. Figure 2-10). 
Tea5p localizes to cell tips 
We tagged tea5p with a 3GFP tag at its N terminus and expressed it under control of its 
endogenous promoter. A C terminal tag interfered slightly with tea5p function (data not shown). 
3GFP-tea5p localizes to dots at both cell tips and few smaller dots around the entire cell cortex. 
In freshly divided cells, tea5p is more concentrated at the old end. It accumulates at the new end 
early on, before NETO occurs, and remains more concentrated at the new end throughout the rest 
of interphase. During anaphase, more tea5p is recruited to both of the cell tips (Figure 2-3 A, 
Suppl. Figure 2-11 A, B). Tea5p is not very abundant in the cell and even with a 3GFP tag the 
signal is too weak to reliably quantify differences between the cell tips. In order to determine 
which cell end contained more tea5p tip fluorescence was assigned to one of 4 categories by eye. 
This quantification indicates that there is more tea5p at the new end in most cells (Figure 2-3B). 
Once cells divide tea5p starts to localize to the newly formed septum. Tea5p seems to arrive 
slightly after tea1p starts to localize to the septum (data not shown). 
Tea5p localization is not strongly dependent on actin or microtubules (Figure 2-3 C). Treatment 
with the microtubule depolymerizing drug MBC leads to a slight decrease in tea5p cortical levels 
after 20 min. In contrast, depolymerization of actin using Latrunculin A seems to slightly 
increase tea5p localization at cell tips while treatment with both LatA and MBC left tea5p 
localization mostly unchanged (Figure 2-3 C). We next wanted to see if tea5p localization was 
dependent on other cell tip proteins. In a tea1 mutant tea5p localization to cell tips is strongly 
reduced, and mostly absent from the new end (Figure 2-3 D, suppl. Figure 2-11 C). Vacuolar 




tea5p mislocalization or degradation.When tea3 is deleted, tea5p completely disappears from all 
cell tips (Figure 2-3 D). This is likely not caused by changes in protein levels (suppl. Figure 2-11 
D) but due to a failure to localize to the cell tip. Further Western blots are needed to confirm this. 
This indicates that tea5p functions downstream of the microtubule associated tea proteins and 
tea3p. In contrast, localization of tea3p is not affected by deletion of tea5 (Figure 2-3 E). Tea1p 
and tea4p still localize to cell tips in a tea5Δ mutant though they seem to be slightly more 
concentrated at the non-growing cell tip (Figure 2-3 E, Figure 2-11 C). This is similar to the 
effect tea4 deletion has on tea1p localization (Martin et al., 2005). When tea5p is overexpressed 
tea1p remains polarized at the cell tip (Figure 2-3F) and only changes localization at later stages 
when the cells become almost round and the microtubule cytoskeleton is depolarized (data not 
shown). However, tea3p becomes mislocalized all around the cell cortex very early during tea5p 
overexpression. This suggests that tea5p and tea3p might be in a closer complex together. 
Tea5p is in a complex with tea3p and tea1p 
The localization of tea5p suggests that it might be in complexes with other tea proteins. We 
searched for tea5p interacting proteins by pull outs of 3GFP-tagged tea5p from cell extracts 
followed by mass spectrometry. Both tea3p and tea1p were identified as major bands in these 
pull outs. Extracts prepared with high salt (500 mM NaCl) buffer were used for pull outs 
followed by MALDI-MS of indicated bands (Figure 2-4 A). Tea3p but not tea1p was present in 
band 2. In addition, we identified rad24p, a 14-3-3 protein that might regulate the GEF gef1p, as 
a potential tea5p interactor. Under less stringent, more stabilizing conditions (300 mM citrate) 
the band corresponding to tea3p and potentially tea1p increases in intensity in comparison to the 




LC-MS. In addition, the proton ATPase pma1p which has a role in polarity and cdc42p 
regulation was identified.  
We next tested whether tea5p colocalized with tea1p and tea3p. 3GFP-tea5 partially colocalizes 
with tea3p at cell tips in monopolar, bipolar as well as dividing cells (Figure 2-5., Figure 2-12). 
Just like tea5p, tea3p seems to be more concentrated at the non-growing end in monopolar cells 
(Figure 2-5 A and (Arellano et al., 2002)) and accumulate at the tips in dividing cells. Tea5p also 
partially colocalizes with tea1p at cell tips (Figure 2-5, Figure 2-12). Many dots colocalize but 
the patterns at the cell tips seem to be less similar than between tea5p and tea1p. Due to the low 
abundance of tea5p versus background fluorescence an exact quantification of the level of 
colocalization was not possible. Both tea1p and tea5p dots appear to be stable at the cell cortex 
over minutes (Figure 2-13 A). Tea1p is brought to the cell cortex on microtubule plus ends. On 
rare occasions tea5p colocalized with tea1p on what appears to be a plus end and moved with it 
(Figure 2-13 B). When tea1p is deposited on the cell cortex it often first slides with the 
microtubule as indicated by diagonal lines in the kymographs (Figure 2-13 A bottom panel). 
Tea5p dots are sometimes dragged along the cortex by incoming microtubules or tea1p (Figure 
2-13 A, indicated by arrow) indicating that tea5p is able to interact with the proteins at the plus 
tip. 
Tea5p controls cdc42p activation 
tea5Δ cells fail to initiate growth at one of their cell ends. We wanted to see how tea5p affects 
other cell polarity proteins. The formin for3p localizes in a monopolar manner in tea5Δ cells. 
For3p is recruited and activated by tea4p, bud6p and cdc42p (Martin et al., 2005; Martin et al., 
2007). Tea4p localizes normally without tea5p (Figure 2-3 E) but bud6p as well as the marker 




overexpressed both bud6p and activated cdc42p are recruited to ectopic sites around the cell 
cortex (Figure 2-6 B).  
In S. pombe cdc42p is activated by the two GEFs, gef1p and scd1p (Chang et al., 1994; Coll et 
al., 2003; Hirota et al., 2003). Only one inactivating GAP, rga4, for cdc42 has been identified to 
date (Das et al., 2007). Rga4p localizes to the cell cortex but is excluded from growing cell tips. 
It has been shown previously that one function of tea1p is the pom1p-dependent exclusion of 
rga4p from the second cell end to allow growth there (Tatebe et al., 2008). In a tea1 mutant 
rga4p localizes in a sock-like manner. This is not the case in a tea5 mutant and rga4p is 
efficiently excluded from the non-growing cell end (Figure 2-6 D) just like in tea3Δ and bud6Δ 
cells (Tatebe et al., 2008). However, rga4p localization is not as symmetrical as in bipolar 
wildtype cells and it seems to be more displaced from the second, non-growing cell end (marked 
by asterisks in Figure 2-6 D). Pom1p, the inhibitor of rga4p in this pathway is also more 
concentrated at the non-growing cell in tea5Δ cells and might mediate this asymmetry in rga4p 
distribution. 
Tea5p controls polarized growth through gef1p and bud6p 
We next tested if tea5p regulates one of the two S. pombe GEFs. Scd1p tagged with GFP is not 
fully functional, and about 50 % of cells grow in a monopolar manner (data not shown). In a 
wildtype background scd1-GFP localizes to only one tip in most cells so that the influence of 
tea5p on scd1p localization could not be assessed. Gef1p localizes to both cell tips after NETO. 
In the absence of tea5p, gef1p localizes to only one cell tip. In addition, gef1p dots have a wider 
distribution around the cell tip (Figure 2-7 A). This indicates that tea5p is required for recruiting 
gef1p during NETO. Gef1p, on the other hand, is also required for correct tea5p localization. In a 




the two proteins could be in a complex together. Since gef1p was not identified as a tea5p 
interactor using mass spectrometry an interaction between the two proteins would most likely be 
transient. In addition, deletion of bud6 leads to a reduction in tea5p levels at both cell tips 
(Figure 2-7 B). 
When tea5p is overexpressed, activated cdc42p is recruited to aberrant sites on the cell sides. 
Tea5p overexpression has a similar effect on gef1p and gef1p patches appear at ectopic sites 
(Figure 2-7 C). Scd1p localization also changes and scd1p dots can be observed all around the 
cell cortex (Figure 2-7 C) indicating that tea5p can also influence scd1p localization. However, 
the pattern of scd1p mislocalization looks different than the cortical patches observed for cdc42p, 
gef1p and bud6p. This could be a consequence of the not fully functional scd1-GFP-construct or 
indicate a different mechanism of recruitment to the cortex. 
In order to identify the downstream targets of tea5p in the overexpression model we 
overexpressed tea5p-GFP in different deletion mutants. The cells were visually classified in three 
different categories, normal, fat and round. After 54h of tea5p-GFP  induction 54 % of wildtype 
cells were wide, and 11 % showed a complete loss of polarization (Figure 2-7 E). This phenotype 
was exacerbated in many polarity mutants. In tea1Δ, tea4Δ, rga4Δ, scd1Δ, and for3Δ mutants 
the loss of polarity was much more pronounced and between 32% and 93 % of cells became 
round. This suggests that normally, these proteins are still localizing growth to the cell tips and 
thus counteracting the effect of tea5p overexpression. In contrast, when gef1 was deleted the 
percentage of wide and round cells decreased to 32 % and 1.5 % respectively. Over 60 % of cells 
maintained their normal rod shape. This strong reduction compared to the effect in wildtype cells 
suggests that gef1p is one of the targets of tea5p in regulating polarized growth in this assay. We 




mutant. The number of round cells was almost identical to overexpression in wildtype cells (9% 
vs 11%). However, the percentage of wide cells decreased to 32 % indicating that tea5p also 
functions through recruiting or activating bud6p. One caveat with this experiment is that tea5-
GFP instead of untagged tea5p was used. Since the GFP tag might induce a slight defect in tea5p 
function repeating this experiment with untagged tea5p will be necessary. However, preliminary 
results indicate that overexpression of untagged tea5p just leads to a faster transition to 
depolarized cells. These results will also be analyzed using a more quantitative approach by 
measuring the width (short axis) of the cell and comparing these results with numbers obtained 
for deletion strains containing an empty control plasmid. Out of the deletion strains used in this 
experiment only scd1Δ and for3Δ display significant cell shape changes without tea5p 
overexpression that would be counted as “wide” in this experiment.  
Tea5p functions through a pseudokinase domain 
The C-terminal domain of tea5p is a kinase domain that is predicted to be inactive since it lacks 
two essential kinase active site motifs, HRD and DFG (Figure 2-8 A, variant kinase motifs in 
gray boxes). In active kinases the aspartate of the HRD motif acts as a proton acceptor during 
phosphotransfer to the substrate while the aspartate of the DFG motif is responsible for chelating 
Mg
2+
 ions to help to correctly position ATP (Kornev et al., 2008). Both aspartates are missing in 
tea5p. Tea5p was classified as a member of the Ste20 family based on the sequence of its kinase 
domain (Rhind et al., 2011). The N terminus contains no obvious domains except for a short 
polybasic region, is predicted to be largely unstructured by ELM (Dinkel et al., 2011) and no 
homologous sequences can be found by BLAST (Altschul et al., 1990).  
In order to determine the functions of the different domains, we generated truncation constructs. 




able localize to cell tips and rescue the growth pattern defect of the tea5 mutant in over 80 % of 
cells (Figure 2-8 B and C). A tea5ΔN construct that only consists of the kinase domain plus a 
short C-terminal extension was localized entirely in the cytoplasm, the nucleus and on spindle 
pole bodies (Figure 2-8 B). In contrast, the N-terminal domain was able to localize to the cell 
cortex, albeit with a different distribution than full length tea5p. Tea5ΔC localizes predominantly 
to cell tips but does not show the characteristic dot pattern of tea5p. Instead, it forms a smooth 
gradient (Figure 2-8 B). This indicates that the N terminal domain mediates localization of tea5p 
to the cell cortex with a bias towards the cell tips, potentially via binding to a phospholipid 
species that is enriched at cell tips. We tested whether the truncated tea5p versions were able to 
rescue the aberrant growth pattern of a tea5 mutant since this assay shows less variation than 
calcofluor staining for monopolar cells.  Both truncation constructs failed to rescue the polarity 
defect of tea5Δ cells (Figure 2-8 C). This indicates that, while the N terminus can localize to cell 
tips by itself it requires the C-terminal pseudokinase domain in order to function in polarity. We 
next asked whether the only function of the N terminus was to localize the kinase domain to the 
cell cortex. In order to test this we constructed a fusion protein of the kinase domain with an N-
terminal polybasic region of the S. cerevisiae protein Ste20p, which has been shown to localize 
to the plasma membrane (Takahashi and Pryciak, 2007). The Ste20pb-tea5ΔN fusion protein is 
able to localize to the cell cortex (Figure 2-8 B) and is able to rescue a tea5Δ mutant. This 
indicates that membrane localization is the main function of the N terminus. We tried to identify 
the region of the tea5p N terminus that is responsible for localizing the protein. Most of the N-
terminal truncation constructs we generated are still able to localize to cell tips (data not shown) 
though some showed a slightly different localization pattern at the cell tips. The polybasic region 




kinase domain was sufficient to mediate some membrane localization and rescue tea5Δ cells 
(tea5ΔN354 in Figure 2-8 B, C). This indicates that the N terminus contains several partially 
redundant membrane localization motifs.  
Tea5p is predicted to be an inactive pseudokinase. However, over the past few years several labs 
found that some putative pseudokinases actually retain kinase activity (Mukherjee et al., 2008; 
Taylor and Kornev, 2010). Since we were not able to purify tea5p to determine if it possesses 
kinase activity in vitro we tested the requirement for the kinase domain in vivo. We introduced 
an additional mutation within its kinase domain generating tea5K417R. The corresponding 
mutation abolishes kinase activity in the closely related shk1p kinase (Chang et al., 1999) and 
should reduce any potential kinase activity in tea5p. Tea5K417R localizes to cell tips correctly 
and is fully functional (Figure 2-8 B, C). This indicates that tea5p does not act as a kinase during 
polarized growth. 
We wanted to see if the pseudokinase is conserved in other fungal species. Using members of the 
STE20-family from representative fungal species we constructed a non-rooted phylogenetic tree 
using MEGA. Tea5p’s closest homologue is a kinase from Schizosaccharomyces japonicus. 
Interestingly, this kinase also has mutations in several active site residues that suggest it is a 
pseudokinase. The other Schizosaccharomyces species do not contain close homologues. Thus, 






Here we identify tea5p as a new protein required for NETO. Tea5p is required for activation of 
bipolar growth and old end selection for growth after division. Our data suggests that tea5p acts 
downstream of tea1p and works closely together with tea3p in regulating polarized growth. Thus, 
it defines a new functional unit that acts downstream of microtubule associated proteins and acts 
in cdc42p activation. 
Tea5p works together with tea3p in regulating NETO 
Tea3p was identified based on its homology to tea1p. It has been characterized as a monopolar 
mutant but its exact role in NETO has not been identified. Here we present evidence that it works 
together with the pseudokinase tea5p. Our biochemical data suggests that tea3p is in a close 
complex with tea5p. In addition, it is essential for localizing tea5p to cell tips and tea3p 
localization can in turn be controlled by overexpressed tea5p. Like tea3p, tea5p is only required 
for a subset of tea1p functions. Unlike tea1Δ cells, tea5Δ cells maintain their axis of polarization 
and do not branch. This means that tea5p, just like tea3p, is needed for only a subset of tea1p 
functions. Moreover, while both tea3p and tea5p are required for recruitment of for3p to the new 
end, neither one of them functions in the tea1p-dependent pathway of rga4p exclusion. Dodgson 
et al. showed that tea1p and tea3p segregate into different clusters at cell tips and that forced 
colocalization of these two proteins leads to morphological defects (Dodgson et al., 2013). We 
hypothesize that tea3p forms a complex with tea5p that is separate from the tea1p-tea4p 






Tea5p localizes to cell tips in a 2 step process 
Tea5p localization is dependent on tea3p and gef1p and partially dependent on tea1p and 
microtubules. In addition, the N terminus of tea5p is required for localization and possesses an 
intrinsic membrane affinity (Figure 2-8 B). It can localize to the cell cortex even in the absence 
of other polarity proteins when overexpressed (data not shown). However, the localization 
pattern is different and resembles a gradient instead of the punctae that are usually observed for 
full length tea5p. This suggests that localization of tea5p happens in two steps. First, the N-
terminus of tea5p mediates weak association with the plasma membrane. Second, tea5p is 
incorporated into complexes with other polarity proteins at the cell tips. These interactions are 
mostly mediated via its pseudokinase domain although the N terminus seems to also play a role 
in establishing these clusters.  
Tea5p may regulate cdc42p through the GEF gef1p 
Cdc42p is a central regulator of polarized growth and highly conserved between eukaryotes. A 
current model for cdc42p activation at the new end is based on cdc42p oscillations. A negative 
feedback loop causes cdc42p fluctuations between the two cell tips even in monopolar cells. This 
way the growing cell end cannot sequester the entire cellular cdc42p pool and cdc42p is 
available at the new end when NETO occurs (Das et al., 2012). In the absence of gef1p these 
oscillations become more asymmetrical which leads to failures in bipolar growth. Here, we 
implicate tea5p as a novel factor controlling gef1p. Gef1p and tea5p depend on each other for 
correct localization (Figure 2-7 A, B). Additionally, tea5p overexpression phenocopies gef1p 
overexpression (Figure 2-2 A, (Das et al., 2009)) inducing round depolarized cells. A recent 
study has shown that tea4p is also able to recruit gef1p to ectopic sites and initiate growth 




while tea5p induced depolarization is not rga4p dependent (Figure 2-7 D). This indicates that the 
different polarity complexes at the cell tip have overlapping but not identical targets. Indeed, 
tea5p is not required for rga4p regulation at the non-growing end while tea4p is (Figure 2-6 D, 
(Tatebe et al., 2008)).  
Further evidence that the tea1p-tea4p complex and tea5p control polarized growth separately 
from each other comes from tea5p overexpression experiments. While tea5p localizes all around 
the cell cortex and induces ectopic cdc42p activation and bud6p recruitment, tea1p stays at cell 
tips where a large amount of cdc42p and bud6p is retained even after prolonged tea5p 
overexpression. When tea1 is deleted, loss of polarization happens much earlier (data not shown) 
and to a greater extent (Figure 2-7 E). This indicates that under these conditions tea1p and tea5p 
compete against each other in cdc42p activation and bud6p recruitment.  
Tea5p regulates polarized growth through its pseudokinase domain 
Tea5p is a pseudokinase like 16 % of kinases in S. pombe and about 10 % of kinases in humans 
(Manning et al., 2002). It is the first pseudokinase implicated in fungal polarity regulation. We 
show that the pseudokinase domain is essential for protein function (Figure 2-8 C). Tea5p likely 
binds to its target proteins via this domain. Unfortunately, we did not identify any potential 
downstream targets in our pull down experiments. Interactions between tea5p and its target 
proteins could be unstable or transient.  
A potential function for pseudokinases is in activating functional kinases. One of the best studied 
examples is the active kinase LKB1. It is activated by interacting with the pseudokinase 
STRADα in a trimeric complex with the scaffolding protein MO25 (Baas et al., 2003; Boudeau 




of tea5p. One of these kinases is orb6p, an NDR kinase that is a known regulator of gef1p (Das 
et al., 2009). NDR kinases are regulators of cell morphology in many organisms. It is an 
interesting possibility that the pseudokinase tea5p could regulate the active kinase orb6p via an 
allosteric mechanism to induce NETO. Just like orb6p, LKB1 is involved in regulating actin 
reorganization and cdc42p activation, among other functions (Baas et al., 2004; Zhang et al., 












Figure 2-1: tea5Δ is a new NETO mutant 
A) Calcofluor staining of wildtype and tea5Δ cells. Birth scars are less brightly stained. 
Monopolar cells that are septating are marked by arrowheads. B) Calcofluor staining of cdc25-22 
and cdc25-22 tea5Δ cells after shifting them to 36 ºC for 3 h. Arrowheads indicate non-growing 
cell ends C) Quantification of monopolar cells based on calcofluor staining of birth scars. D) 
Alexfluor-488 Phalloidin staining of wildtype and tea5Δ cells. Maximum projections of confocal 
images are shown. E) Localization of for3-GFP in wildtype and tea5Δ cells. Confocal maximum 
projections are shown. F) Growth pattern of freshly divided cells grown on agar pads.  All scale 












Figure 2-2: Tea5p overexpression leads to loss of polarity 
A) Tea5p-GFP was expressed from a plasmid using a thiamine-inducible nmt1-promoter. DIC 
and confocal max projections are shown. Exposure time and contrast of the confocal images at 
individual time points were adjusted separately to show tea5-GFP localization. B) Alexafluor-
488 Phalloidin staining of wildtype cells and cells overexpressing untagged tea5 for 54h. A field 
with round cells was chosen to show depolarized actin. C) For3-GFP localization in wildtype 
cells and cells overexpressing untagged tea5 for 54h. A field with more depolarized cells was 










Figure 2-3 Tea5p localizes to cell tips 
A) 3GFP-tea5 localization in cells at different stages of the cell cycle. Confocal max projections 
are shown. B) Quantification of 3GFP-tea5 localization at the old versus new end in interphase 
cells. Cell tips were assigned by eye to 4 groups based on their intensity. C) 3GFP-tea5 
localization after 17 min LatA (upper panel), 20 min MBC (middle panel) or 17 min LatA and 
MBC treatment. The corresponding DMSO controls for two separate experiments are shown on 
the left. Single confocal midsections are shown. D) 3GFP-tea5 localization in wildtype versus 
tea1Δ and tea3Δ cells. Confocal sum projections are shown E) Effect of tea5 deletion in the 
localization of tea1-YFP, tea3-GFP and tea4-GFP. Confocal sum projections are shown. F) 
Effect of tea5 overexpression on the localization of tea1-tom and tea3-GFP. Untagged tea5 was 
expressed from a plasmid with an nmt1 promoter and expression was induced for 27 h. Confocal 










Figure 2-4: Tea5p is in a complex with tea3p and tea1p 
A) Coomassie-stained gel of a pull-out of 3GFP-tea5 from S. pombe extracts using a high salt 
(500 mM NaCl) Hepes buffer. The indicated bands were cut out and proteins identified by 
MALDI-MS. B) Coomassie-stained gel of a pull-out of 3GFP-tea5 from from S. pombe extracts 
using a Citrate (250 mM Citrate) buffer. Proteins in the the pull-out were identified by LC-MS. 










Figure 2-5: Tea5p partially colocalizes with tea3p and tea1p 
A) Colocalization of 3GFP-tea5 and tea3-tom in monopolar and bipolar cells. Confocal 
midsections are shown on the left. The right panel shows normalized intensity traces of both 
fluorescent proteins at the two cell tips. B) Same as in A) but with 3GFP-tea5 and tea1-tom. 











Figure 2-6: Tea5p can regulate cdc42p activation 
A) Localization of bud6-GFP and CRIB-GFP in wildtype versus tea5Δ cells. Confocal maximum 
projections are shown. B) Tea5p overexpression in cells with bud6-tom or CRIB-GFP. Tea5p 
expression was induced for 25 h in bud6-tom cells and 54 h in CRIB-GFP cells. C) Model of 
cdc42p regulation in S. pombe. D) Localization of pom1-GFP and rga4-GFP in wildtype and 
tea5Δ cells. Non-growing ends in the tea5Δ rga4-GFP strain are marked with an asterisk. 











Figure 2-7 Tea5p regulates polarity via gef1p and bud6p 
A) Gef1-3GFP localization in wildtype and tea5Δ cells. Confocal max projections are shown B) 
3GFP-tea5 localization in wildtype, gef1Δ and bud6Δ cells. Confocal sum projections are shown 
C) Gef1-3GFP and scd1-GFP localization after growth in minimal medium (MM) or tea5p 
overexpression for 54h. Confocal max projections are shown. D) Quantification of the 
morphology of wildtype cells and polarity mutants after 54h of tea5p overexpression. Scale bars 










Figure 2-8: Tea5p functions through a pseudokinase domain 
A) Domain structure and sequence of tea5p. The polybasic region is underlined and the kinase 
domain is shown in bold. The mutated kinase motifs are highlighted by grey boxes. B) 
Localization of full-length tea5p and different constructs. All constructs are tagged with GFP and 
expressed from a medium strength nmt1-promoter. Confocal maximum projections after 22h – 
24h of induction are shown. C) Growth pattern of wildtype cells and tea5Δ cells expressing 
different tea5p constructs. Growth movies were acquired after 22h-24h induction of tea5p 
expression. D) Unrooted phylogenetic tree of the kinase domains of all Ste-like kinases from 
Aspergillus fumigatus, Debaromyces hansenii, Neurospora crassa, Saccharomyces cerevisiae, 
Schizosaccharomyces cryophilus, Schizosaccharomyces japonicus, Schizosaccharomyces 
octosporus, Schizosaccharomyces pombe, Ustilago maydis and Yarrowia lipolytica. A zoomed in 
section shows Ste20-like kinases where tea5p (SPAC12B10.14c) and S. japonicus PAK2 (SJAG 











Figure 2-9: Tea5p is a NETO protein with a subset of tea1p functions 
A) Quantification of monopolar cells from the calcofluor screen. Only septating cells were 
counted. B) Growth rate of the new monopolar mutants. C) Assay to induce branching. Cells 
were grown overnight to stationary phase, diluted in fresh media and imaged after 3 hours. D) 
Calcofluor staining of tea1Δ and tea4Δ single mutants and tea1Δtea5Δ and tea4Δtea5Δ double 
mutants. E) Branching assay in tea1Δ and tea4Δ single mutants and tea1Δtea5Δ and tea4Δtea5Δ 






Figure 2-10: Tea5p overexpression does not affect endocytosis 
Assay for endocytosis using the plasma membrane protein GFP-syb1 in cells after 54h induction 
of tea5p overexpression or plasmid control. GFP-syb1 accumulates at the plasma membrane in 






Figure 2-11: Tea5p localizes to cell tips 
A) Localization of 3GFP-tea5 during mitosis. 3GFP-tea5 signal at cell tips increases around 
nuclear division which is indicated by an asterisk. B) Quantification of cortical 3GFP-tea5 in two 
cells right before and after nuclear division (indicated by and asterisk). Cortical 3GFP-tea5 
increases around nuclear division while total cellular 3GFP-tea5 levels remain constant. C) tea1Δ 
cells expressing 3GFP-tea5 were manually assigned to 4 groups based on their tip fluorescence 







Figure 2-12: Tea5p partially colocalizes with tea3p and tea1p in dividing cells 
A) Colocalization of 3GFP-tea5 and tea3-tom in dividing cells. Confocal midsections are shown 
on the left. The right panel shows normalized intensity traces of both fluorescent proteins at the 












Figure 2-13: Tea5p rarely associates with tea1p and microtubules 
A) Kymographs of cortical fluorescence of the cell tips of the cell shown on the left were 
generated. Diagonal lines in the tea1p kymographs correspond with microtubule tip associated 
tea1p that slides along the cortex. Arrows indicate an incoming tea1p dot that drags a cortical 
3GFP-tea5 complex with it. B) Frames from a timelapse movie taken with 20 s interval are 
shown. 3GFP-tea5 colocalizes and moves with a tea1-tom dot for three frames as indicated by 





2.5 Materials and methods 
Yeast strains and media 
The S. pombe strains used in this study are listed in Table 1. Standard methods for S. pombe 
genetic manipulations and growth were used (Moreno et al., 1991). Tagged and deletion strains 
were constructed using the polymerase chain reaction (PCR-) approach described by Bahler et al. 
(Bähler et al., 1998) and confirmed by PCR. 
The 3GFP-tea5:kanMX6 strain was constructed as follows: a 85 base pair sequence upstream of 
tea5 followed by a 3GFP-tag and a (Gly-Ala)5-linker were inserted into the multiple cloning site 
of pKS(+). Behind the 3GFP-tag, the open reading frame of tea5 was inserted followed by a 
KanMX6 marker and an 80 bp sequence downstream of tea5. The entire 85mer-3GFP-linker-
tea5-kanMX6-80mer insert was cut out, gel-purified and transformed into a tea5::ura4 strain 
using standard methods. To generate the 3GFP-tea5:natMX4 strain, the 3GFP-tea5:kanMX6 
strain was transformed with natMAX4 amplified from pFA6-natMX4. 
Tea5 plasmid expression 
Tea5 or truncation fragments corresponding to the N-terminus (amino acids 1-383), the C 
terminus (amino acids 384-665) were subcloned into pREP3x, pREP41 or pREP42, with or 
without GFP tags. The coding sequence corresponding to tea5K417R was generated by site 
directed mutagenesis. pREP41-Ste20pb-tea5-GFP and pREP41-Ste20pb-GFP were generated by 
inserting the coding sequence of the Ste20 polybasic region (Takahashi and Pryciak, 2007) into 
pREP41-teaΔN-GFP and pREP41-GFP, respectively.  
For overexpression experiments using the pREP3x constructs cells were induced at 30 C with 15 




assess functionality of the tea5 constructs in pREP41 and pREP42 plasmids, cells were induced 
for 21-23 h at 30 C using 15 μM thiamine in minimal media with the corresponding 
supplements. Growth movies were acquired at 24-26 C on EMM ALU pads. 
Dyes and pharmacological inhibitors 
For calcofluor staining, calcofluor was added directly to the media to a final concentration of 5 
μg/ml (balasubramanian 97) and cells were imaged immediately. For Alexafluor-488 Phalloidin 
stainings, cells were fixed with 16 % formaldehyde for 5 minutes, permeabilized with 1 % Triton 
X-100 and followed by incubation for 1 hour with Alexafluor-488 Phalloidin (Invitrogen, 
Carlsbad, CA) in the dark. 
To depolymerize actin, cells were treated with LatA at a final concentration of 200 μM. To 
depolymerize microtubules, MBC was added to a final concentration of 25 μg/ml. 
T shape assay 
To test whether mutant strains grew in a T –shape cells were grown to stationary phase overnight 
in YE media. After dilution to an OD of 0.2 they were grown for 3 hours at 30 C before imaging.  
Microscopy 
Most imaging was done using a spinning disc confocal microscope (Nikon) with a Hamamatsu 
EM CCD camera and a 100X 1.4 N.A, objective with a 1.5X magnifier. A widefield 
fluorescence microscope with a Hamamatsu ORCA 100 CCD digital camera using a 60x 1.4 
N.A. objective was used for growth movies and calcofluor imaging. All strains were grown at 25 
C in log phase except for plasmid expression studies and T shape assays described above. Cells 





Widefield images were acquired, processed and analyzed using OpenLab 5.0.2 software 
(Improvision, Coventry, United Kingdon). For confocal images, micromanager (Edelstein 2010) 
was used for acquisition and images were processed and analyzed using Fiji (Schindelstein 
2012).  
For kymographs the “Multiple Kymograph” ImageJ plugin was used. 3GFP-tea5 intensity at cell 
tips was compared by eye and grouped into 4 groups, bright corresponding to bright wildtype 
tips, intermediate corresponding to less bright wildtype tips, weak corresponding to tips that have 
significantly less fluorescence than a regular wildtype tip and undetectable. Cell shape during 
tea5p overexpression was also assessed by hand.  
Pull-outs and mass spectrometry 
Extracts of S. pombe were prepared using a cryogenic disruption method. Cells were grown in 
minimal media to an OD of 1.0. Cells were harvested washed, weighed and resuspended in an 
equal amount of resuspension buffer (1.2 % PVP-40, 20 mM HEPES, pH 7.4, 1 mM DTT, 
Roche protease inhibitor cocktail). After 2 centrifugation steps to remove most of the buffer the 
S. pombe paste was injected into liquid nitrogen using a syringe to generate noodles. These 
noodles were stored at -80 C. For cryogenic disruption a Retsch PM 100 planetary ball mill was 
used. A custom-made grinding jar was used to grind the cells in liquid nitrogen. 6-8 2 min cycles 
were used until more than 95 % of cells were disrupted.  
For pull-out experiments cell powder was added to 9x the volume of buffer (20 mM HEPES, pH 
7.4, 500 mM NaCl, 1 % Triton X-100 for stringent, 40 mM Tris, pH 8.0, 250 mM Citrate, 0.5 % 




powder was quickly thawed at room temperature and extracts cleared by centrifugation. 
Polyclonal llama anti-GFP antibodies (Rout lab) were conjugated to Dynabeads M270 Epoxy 
(Invitrogen) were added to the extracts. Dynabeads were prepared as follows: the beads were 
washed twice in 0.1 M NaPO4 buffer, pH 7.4. Polyclonal llama antibody was diluted to 14 
mg/ml and cleared by centrifugation. 3525 μl of antibody solution was mixed with 9.85 ml 0.1 M 
NaPO4 buffer and 6.650 ml 3 M Ammomium sulfate. The antibody solution was added to the 
washed dynabeads and incubated overnight at 30C on a rotating wheel. Dynabeads were then 
washed, first with 3 ml 100 mM Glycine pH 2.5, then with 3 ml 10 mM Tris pH 8.8, then with 
100 mM Triethylamine, followed by 4 washes with PBS., and 2 washes with PBS, 0.5 Triton X-
100. Finally, beads were resuspended in PBS with 50 % glycerol. Pull outs were done for 1 hour 
at 4 C on a rotating wheel. The beads were washed 3 times using the corresponding buffer used 
in the pull out and bound protein was eluted by heating the beads to 72 C in 1x LDS for analysis 
on gels and subsequent MALDI-MS. 2 % SDS were used for eluting samples for LC/MS.  
Western Blot 
For Western Blots cells were lysed using an alkaline extraction method (Matsuo et al., 2006). 
After transfer onto PVDF membrane, Western Blots were performed using anti-GFP antibody 
(Roche) and secondary mouse HRP-conjugated anti-mouse antibody (GE Healthcare UK). 
Bioinformatics 
The kinase domains of STE kinases from S. pombe, S. japonicus, S. octosporus and S. cryophilus 
(Rhind et al., 2011), were identified using Pfam (Punta et al., 2012). Kinase domains of STE 
kinases from Aspergillus fumigatus, Neurospora crassa, Saccharomyces cerevisiae, 




database (Martin et al., 2009). Multiple sequence alignments were performed using the Multiple 
Sequence Comparison by Log Expectation (MUSCLE) tool included in the Molecular 
Evolutionary Genetics Analysis (MEGA) software package (Hall, 2013; Tamura et al., 2013). 
MEGA was also used to build unrooted trees from this alignment. 
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3 ROLE OF MICROTUBULES IN 






Microtubules play an important role in polarization of many different cell types. They explore 
the geometry of the cell and translate this information into polarization of cellular functions such 
as secretion, growth and asymmetry of cellular factors. For example, in Drosophila oocytes 
microtubules are required for translating cortical polarity signals into the establishment of a 
dorso-ventral axis (Bastock and St Johnston, 2008; Zhao et al., 2012). A polarized microtubule 
cytoskeleton is also required for cell migration (Siegrist and Doe, 2007) and formation and 
maintenance of the immunological synapse (Lasserre and Alcover, 2012). In fission yeast 
polarized microtubules are required in interphase for maintaining a straight axis of growth and 
nuclear centering. 
Fission yeast microtubules are organized in a non-centrosomal array. They grow from several 
MTOCs on the cell nucleus towards the cell tips and undergo catastrophe after contacting the cell 
tip (Drummond and Cross, 2000a; Sawin and Tran, 2006). Unlike the actin cytoskeleton 
microtubules are not required for growth in fission yeast. However, microtubules play a role in 
determining the axis for cell growth. Microtubule mutants often display a bent phenotype and 
branched cell growth can also frequently be observed (Toda et al., 1983; Umesono et al., 1983). 
Microtubules are thought to contribute to polarized growth by depositing polarity proteins at cell 
tips. The +TIP tracking system in S. pombe is very well characterized. It consists of a minimal 
tracking system comprised of mal3p, tip1p and tea2p (Beinhauer et al., 1997; Bieling et al., 
2007; Browning et al., 2000b; Brunner and Nurse, 2000). A number of other proteins reside at 
the plus tip with these factors, among them the polarity proteins tea1p and tea4p (Martin et al., 
2005; Mata and Nurse, 1997). Tea1p and tea4p are deposited at both cell tips throughout 




the absence of both proteins. However, both proteins play a crucial role in the tip growth pattern 
and the switch from monopolar to bipolar growth known as NETO. In the absence of the polarity 
proteins tea1p and tea4p cells grow from only one cell end throughout interphase. In addition, 
one of the two daughter cells initiates growth from the newly formed cell end after division 
instead of from the old, pre-existing end. Tea3p and the tea5p share this phenotype ((Niccoli et 
al., 2003) and chapter 2). Tea1p and tea4p have an additional role in marking cell ends for 
growth and a small percentage of cells wrongly grow from cell sides instead of the tips in the 
absence of these proteins. This phenotype is exacerbated by stress such as heat, salt stress and 
starvation.  
Though it is known that microtubules play a role in polarized growth and localizing the NETO 
factors tea1p and tea4p the role of microtubules in NETO and tip growth pattern has not been 
studied. Here we analyze the growth pattern of cells grown in the absence of microtubules to 







MBC depolymerizes interphase microtubules for several hours 
To test how the absence of microtubules affects the growth pattern of S. pombe we grew cells on 
agar pads containing the drug 9-methyl benzimidazol-2-yl-carbamate (MBC) which leads to the 
depolymerization of microtubules. Figure 3-1 shows that cells grown under these conditions do 
not contain interphase microtubules during movies acquired over the course of 7 hours. Many 
interphase cells contain a bright medial patch which represents an MBC-resistant zone of the 
microtubule overlap region (Bratman and Chang, 2007; Tran et al., 2001). This patch is likely 
present in all interphase cells but might have not been included in the 3 medial slices acquired 
here. Despite the lack of microtubules most cells are able to grow from their tips as described 
previously (Sawin and Nurse, 1998). However, some cells fail to maintain a straight axis of 
growth and grow in a curved manner. When cells grown in MBC enter mitosis few are able to 
assemble a mitotic spindle and divide properly. Many of the cells undergoing mitosis during 
MBC treatment produce daughters that fail to grow or lyse soon after division indicating that 
severe defects occurred during mitosis. To examine the function of microtubules during 
interphase only cells that had completed mitosis and already formed a septum at the beginning of 
a movie were selected for analysis in the following experiments. 
Growth in the absence of microtubules leads to changes in growth pattern 
After division and reshaping of the newly formed end (Baumgärtner and Tolić-Nørrelykke, 
2009) wildtype cells first grow from only their old end (Mitchison and Nurse, 1985) (Figure 3-2, 
Table 3-1). In contrast, when wildtype cells were treated with MBC this growth pattern changed 
(Figure 3-3, Table 3-1). Only 28 % of daughter cell pairs display the old end – old end growth 




of cells undergo premature NETO and start to grow at both ends after division. Cell pairs that 
initiate growth in a new end – old end pattern remain monopolar for the rest of the cell cycle 
whereas cells that started with an old end – old end pattern are able to undergo NETO in some 
cases and switch to old end – both ends growth (2 out of 5 daughter pairs). In pairs where one 
cell underwent premature NETO while the other grew from the old end the monopolar daughter 
switches to bipolar growth in 2 out of 7 cases. Cells that show a new end – new end or new end – 
both ends pattern are also still able to undergo NETO in some cases (1/1 and 1/3 daughter pairs, 
respectively). This is a clear reduction in NETO frequency compared to untreated wildtype cells 
(Table 3-2). Here, 60 % of cell pairs are able to undergo NETO in both daughter cells and 36 % 
of cell pairs initiate bipolar growth in one of the two cells. 
Together, these results show that fewer cells are able to undergo NETO in the absence of 
microtubules but NETO still occurs in a significant number of cells. In addition, microtubules are 
required to maintain a correct growth pattern and seem to also be involved in the correct timing 
of NETO. 
GFP-tagged atb2 leads to changes in S. pombe growth pattern 
To test whether smaller changes in the microtubule cytoskeleton can also lead to changes in S. 
pombe growth patterns we analyzed the growth pattern of a strain containing GFP-tagged alpha 
tubulin. In this strain an extra copy of alpha tubulin with an N-terminal GFP tag was inserted in 
the leu locus under control of the SV40 promoter (Bratman and Chang, 2007). Expression of this 
construct does not lead to any noticeable microtubule defects or synthetic defects when 
combined with other microtubule mutants (Bratman and Chang, 2007). However, this strain 
displayed a changed growth pattern compared to wildtype cells. The changes in growth pattern 




cell pairs grow in an old end – old end pattern while 22 % of daughters undergo premature 
NETO and initiated growth at both ends following division. This indicates that small changes in 
microtubule structure or dynamics are sufficient to induce changes in S. pombe growth patterns. 
Moreover, it confirms that the changes observed during MBC treatment were not solely off-
target effects of the drug. 
Growth pattern of tea1Δ cells changes in the absence of microtubules 
Tea1p is an important factor in determining polarity and growth pattern in S. pombe. It is 
commonly thought that microtubules regulate cell polarization in fission yeast by transporting 
tea1p. Tea1p is found at both cell tips throughout interphase and also localizes to growing 
microtubule ends which deposit it at the cell cortex. Therefore, we wanted to test whether the 
growth pattern changes observed in the absence of microtubules were tea1p dependent.  
The initial growth pattern of tea1Δ cells remains mostly unchanged in MBC treated compared 
untreated cells (Table 3-1). Most cells initiate growth in a new end – old end pattern with a small 
increase in cells showing an old end – old end, old end – both end and new end – both ends 
growth pattern. 35 out of 47 daughter pairs that start with a new end – old end growth pattern 
maintain this growth pattern until septation. However, 25.5 % of daughter pairs undergo NETO 
in at least one of the two cells and switch to an old end – both ends (2%), new end – both ends 
(17 %) or both ends – both ends (6.5 %) growth pattern. In total, 15 of 94 daughter cells were 
able to undergo NETO in tea1Δ without microtubules (Table 3-2). In summary, tea1p seems to 
be required for the MBC dependent changes in initial growth patterns as indicated by the lack of 
premature NETO in tea1Δ cells treated with MBC. However, a significant percentage of cells 
undergoes NETO later in interphase during MBC treatment suggesting that not all effects 




Tea1p persists at cell tips over several hours in the absence of microtubules 
Since some of the effects of MBC treatment seemed to be tea1p-dependent we wanted to test 
whether tea1p was still able to localize to cell tips during our time course experiments. Tea1p 
localization has been reported to be microtubule dependent (Mata and Nurse, 1997; Sawin and 
Nurse, 1998) but most of these experiments used immunostaining and were performed with TBZ 
which also has effects on the actin cytoskeleton (Sawin and Snaith, 2004).  
At the beginning of MBC treatment (0 h, approximately 5 min after MBC addition) tea1p still 
localizes strongly to cell tips in addition to a medial dot close to the nucleus which likely 
represents an MBC resistant microtubule patch (Figure 3-4 A). During the course of 3 hours cells 
lose a significant amount of tea1p from their cell tips as evidenced by a decrease in tea1p 
fluorescence at cell tips. This is similar to what was reported by Bicho et al.(Bicho et al., 2010). 
Decrease in tea1p signal at tips is likely not solely caused by photobleaching since tea1p 
fluorescence at the medial microtubule patch does not decrease as dramatically. Tea1p at the cell 
membrane also becomes less concentrated at the cell tip and begins to spread around the cell 
cortex. Some of the tea1p punctae at the cell tip appear to be very stable over hours and become 
displaced from the tip by growth and membrane addition (Figure 3-4 B, C). This is not observed 
in the presence of microtubules (data not shown). One possibility is that the absence of 
microtubules leads to an increased cytoplasmic concentration of tea1p which could shift the 
chemical equilibrium away from tea1p disassociation from the membrane. This could lead to 
more stable tea1p dots at the membrane. Alternatively, microtubules could function in moving 
tea1p dots at cell sides back to the tips when they slide along the cortex. In cells that are dividing 
tea1p spreading is delayed (Figure 3-4 B, right cell). This indicates that MBC has very little 




is undergoing division. The early changes in growth pattern that were observed in Figure 3-3 and 
Table 3-1 were therefore most likely not caused by mislocalization of tea1p. The later changes in 
growth pattern seemed to be at least partially independent of tea1p and this is in an agreement 





In this chapter, I show that microtubules play a role in regulating NETO and the fission yeast 
growth pattern. In the absence of microtubules the initial growth pattern of cells is significantly 
changed with many cells initiating growth from the new end or initiating premature NETO and 
transitioning to bipolar growth immediately after division.  
Early effects on growth pattern are tea1p dependent 
The increase in cells that display an old end – new end growth pattern could be an indication that 
microtubule dependent polarity proteins are affected by the addition of MBC. Deletion of tea1, 
tea2, tea3, tea4 or pom1 also leads to a strong increase in old end – new end growth after 
division. This indicates that one or several of these proteins could be affected by microtubule 
depolymerization. Tea1p, tea2p and tea4p all localize to microtubule plus ends and depend on 
microtubules for localizing correctly to the cell tip. Our results show that the absence of tea1p 
abolishes the initial changes in growth pattern. The percentage of cell pairs with old end – new 
end growth does not increase further suggesting that this effect of microtubule depolymerization 
might be mediated by tea1p. A large number of cells undergo premature NETO when treated 
with MBC. This phenotype seems to be dependent on tea1p since premature NETO is almost 
entirely abolished in the absence of tea1p. Premature NETO could also be observed in rga4 
mutants (Das et al., 2007), for3 mutants (Feierbach and Chang, 2001), and when expressing a 
tea1-for3 fusion protein (Martin et al., 2005).  
The fact that tea1p still largely localizes correctly to cell tips at this point of MBC treatment 
suggests that the effect of microtubules on tea1p during this process is not directly mediated by 
localizing the protein but through some other process. A potential candidate is the kinase shk1p 




absence of microtubules (Qyang et al., 2002) which could lead to reduced phosphorylation of 
tea1p. However, the role of tea1p phosphorylation in polarity has not been studied. Another 
potential candidate is the phosphatase dis2. Its localization to cell tips is dependent on 
microtubules and tea4p (Alvarez-Tabarés et al., 2007) and it has been shown to be important for 
polarized growth. Specifically, pom1p (Hachet et al., 2011), gef1p and rga4p (Kokkoris et al., 
2014) have been identified as targets of dis2p. 
Another possible reason for the premature NETO and growth pattern changes observed after 
MBC treatment could be an increased cytoplasmic tea1p concentration. The absence of its 
binding sites on microtubule tips might lead to more free tea1p in the cytoplasm where it could 
interfere with the function of other polarity proteins. Cytoplasmic tea1p could sequester tea4p 
and for3p and thus partially mimic a for3 deletion phenotype leading to premature NETO. 
Alternatively, the increased tea1p concentration could lead to an increased activation of for3p. 
This is likely the cause of premature NETO observed in tea1-for3 fusion protein expressing cells 
and might also be responsible for premature NETO in rga4 deleted cells where activity of 
another for3p regulator, cdc42p, is increased. Further experiments will be necessary to 
distinguish these possibilities. 
Microtubule depolymerization can induce bipolar growth in tea1Δ cells 
Not all effects of microtubule depolymerization seem to be tea1p dependent. tea1Δ cells show an 
increase in bipolar growth in the absence vs. the presence of microtubules at later time points. 
This suggests that microtubules are able to regulate NETO in a pathway that is independent of 
tea1p and is able to override the monopolar defects of a tea1 mutant. Minc et al. identified a 
second microtubule dependent pathway that regulates the establishment of new sites of 




functions in the cdc42 dependent regulation of for3p. If this pathway plays a role in the induction 
of NETO in the absence of microtubules remains to be tested. 
In conclusion, I was able to show that microtubules play a role in selecting the correct cell end 
for growth after division. They also are involved in regulating NETO and surprisingly are 
required to prevent premature NETO initiation. Interestingly, reducing microtubule dynamics in 
S. pombe has the opposite effect of microtubule depolymerization and leads to a delay in NETO 
(Thadani et al., 2011). It will be interesting to find out which proteins are involved in these 






3.4 Figures and tables 
 
Figure 3-1: MBC treatment is effective in microtubule inhibition during long time course 
experiments 






Figure 3-2: Growth patterns of wildtype cells grown in the absence of MBC 
Examples of wildtype cells showing an old end – old end growth pattern in which both (A)) or 






Figure 3-3: Examples of growth patterns in MBC-treated wildtype cells 









A) Tea1p gradually disappears from cell tips during MBC treatment. B) and C) show examples 
of cells where stable cortical tea1p punctae are displaced from the cell tips by growth. The boxed 






  old - old old - new old - both new - both new - new both - both n 
wt   100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 42 
wt + MBC 29.4% 23.5% 17.6% 0.0% 5.9% 23.5% 17 
GFP-atb2 62.7% 3.4% 23.7% 0.0% 0.0% 10.2% 59 
tea1Δ 3.8% 75.0% 0.0% 3.8% 17.3% 0.0% 52 
tea1Δ + MBC 5.2% 79.2% 1.3% 6.5% 7.8% 0.0% 77 
Table 3-1: Initial growth pattern of cells with or without MBC treatment 
 
 
  old - old old - new old - both new - both new - new both - both n 
wt   4.00% 0.00% 36.00% 0.00% 0.00% 60.00% 25 
wt + MBC 12.50% 16.67% 29.17% 12.50% 0.00% 29.17% 24 
tea1Δ + MBC 3.39% 59.32% 3.39% 20.34% 8.47% 5.08% 59 






3.5 Materials and methods 
Microscopy 
Microscopy was performed using a spinning disc confocal inverted microscope using a 60x oil 
objective or 20x air objective. Images were analyzed using Fiji software (Schindelin et al., 2012). 
All strains were grown to log phase and imaged at 30 °C on agar pads (2 % agarose, Difco agar, 
BD Biosciences) prepared with YE5S media (Sunrise Science). Slides were sealed with Valap on 
two sides to allow for gas exchange. 
MBC treatment 
MBC (Aldrich Chemical Company) was freshly dissolved in DMSO (Sigma) for each 
experiment and was used at a final concentration of 25 μg/ml. To make agar pads containing 
MBC, melted agar was cooled to 55 °C. MBC was quickly mixed in and the mixture was 
immediately transferred onto a glass slide to cool down. MBC was also added to cell suspensions 
prior to transferring them to the MBC containing agar pad. 
 
Strain Genotype Source 
   FC420 h+ ade6-M216 leu1-32 ura4-D18   Chang lab 
FC 1234 h- leu1-32::pSV40-GFP-atb2(leu1+) ade6-M216 leu1-32 ura4-D18   Chang lab 
FC2601 h+ tea1-3GFP:KanMX ade6-M216 leu1-32 ura4-D18   Chang lab 
RL268 tea1::ura4+ ade6-M216 leu1-32 ura4-D18   this study 
 















In order to localize sites of growth and polarize, cells need to explore their geometry and 
translate this geometric information into polarization of factors required for growth. Many cell 
types use microtubules to explore their cellular space and then selectively deposit proteins at 
sites of polarization. In my thesis, I have identified a new component in fission yeast polarized 
growth. My work helps to define a new pathway that links microtubules to activation of 
polarized growth. In addition, I have analyzed the contribution of microtubules to S. pombe 
growth patterns and found that they have tea1p-independent effects on NETO. 
The fission yeast S. pombe is an ideal model system to study links between microtubules and 
growth. Its simple organization and well defined growth sites facilitated many studies that were 
able to identify morphology mutants. This led to the discovery of the first tea protein, tea1p, as a 
linker between microtubule plus ends and actin polarization. Subsequent studies have identified 
many proteins that work together with tea1p in regulating polarized growth. This has started to 
define the mechanisms which tea1p uses to regulate the actin cytoskeleton. The formin for3p is 
responsible for nucleating actin cables, one of the main events to allow polarized growth. For3p 
regulation seems to be a major function of tea1p and many other polarity proteins. Tea1p has 
been shown to regulate for3p activation via 3 different target proteins: Tea4p, bud6p and cdc42p 
(Martin et al., 2005; Martin et al., 2007). It directly interacts with tea4p which functions as a 
bridge between tea1p and for3p. The mechanism of bud6p regulation is less understood. The 
regulation of cdc42p has been of central interest since this protein is a highly conserved central 
regulator of polarized growth in all eukaryotes. Tea1p can regulate cdc42p activation via the 
GAP rga4p. Tea4p as well as the kinase pom1p are required for this regulation. In addition, a 
recent study showed that tea4p can regulate polarized growth via the GEF gef1p in addition to 




during NETO. In addition, it is unclear how the polarity proteins at the cortex work together in 
achieving polarized growth.  
In my work, I have identified the pseudokinase tea5p as a member of a new pathway that works 
in activating cdc42p during NETO (Figure 4-1). I show that it regulates gef1p, in addition to 
bud6p, to initiate NETO. Thus, its functions partially overlap with the role of tea1p and tea4p in 
polarized growth. My work identifies tea3p as a close interactor of tea5p. I show that tea3p 
functions in localizing tea5p. In addition, genetic studies show that the phenotype of tea3 and 
tea5 mutants is very similar. Whether tea5p and tea3p directly interact remains to be shown. 
Further biochemical studies will be able to test this. I also showed that tea5p is in a complex with 
tea1p. Both tea1p and tea3p are Kelch repeat proteins. This raises the question if the 
pseudokinase can specifically bind to Kelch repeats. Kelch repeat proteins can be found in many 
eukaryotes and can regulate diverse cellular processes from cell morphology in S. pombe and S. 
cerevisiae to gene expression (Adams et al., 2000). To my knowledge, no role for pseudokinases 






Figure 4-1: New model of NETO control 
 
One question that remains open is what triggers the activation of cdc42p and for3p during 
NETO. Das et al. showed that cdc42p oscillates between the two cell poles. Even in monopolar 
cells, asymmetric oscillations localize some cdc42p temporarily to the non-growing end (Das et 
al., 2012). This prevents the growing end from sequestering too much cellular cdc42p. This way, 
the oscillations give the second cell end a chance to activate cdc42p and growth during NETO. 
However, the signal that induces activation of cdc42p at the new end, and the more symmetric 
oscillations of bipolar cells is still not known. It has been shown that tea1p, tea4p and tea3p have 
to be present at cell tips to stabilize cdc42p at the new end. My work adds tea5p as an additional 
factor required for cdc42p activation. These proteins are present at both cell tips even in 




that activates them at this point is still not known. One potential candidate are phosphorylation 
events. It has been shown that tea1p is phosphorylated (Kim et al., 2003). Several kinases and 
phosphatases participate in cell polarization and NETO control. In my work I found that tea5p is 
also phosphorylated at multiple sites and preliminary results suggest that this is tea3p dependent. 
It remains to be seen what the function of tea5p phosphorylation is.  
A significant number of kinases in many eukaryotes are predicted to be inactive pseudokinases. 
Pseudokinases can be found in plants, yeast and humans suggesting that they have conserved and 
important cellular functions. Yet they have not attracted much research interest and only few 
pseudokinases have been well characterized. A long-standing question is what these inactive 
enzymes could do. Studies have identified examples ranging from functions as allosteric 
regulators of active kinases, scaffolds to binding to pseudosubstrates. This list is likely not 
exhaustive. I identified tea5p as a new pseudokinase in S. pombe with a role in cdc42p 
regulation. It will be interesting to identify the direct target of tea5p and determine the molecular 
role of tea5p. Is it an allosteric regulator of another kinase? Does it directly bind to a target, for 
example gef1p, using its pseudoactive site? Does it compete with another protein for a binding 
site and act as a competitive inhibitor or activator? More detailed biochemical studies, potentially 
combined with structural studies could shed light on the molecular function of tea5p. In addition 
to gef1p and its regulating kinase, orb6p, a potential target for tea5p is pma1p. I identified pma1p 
in my proteomic screen for tea5p-interacting proteins. Pma1p is a proton pump that localizes to 
the plasma membrane but is less concentrated at cell tips. It plays a role in cell polarization by 
regulating the intracellular pH and can control cdc42p and for3p recruitment and activation 




exclusion of pma1p from growing cell ends? This is an interesting possibility and will be the 
subject of future studies. 
Furthermore, it will be interesting to see if tea5p’s regulation of cdc42p is conserved between 
different organisms. I identified a closely related pseudokinase in S. japonicus, Pak2p. Could this 
protein have a role in cdc42p regulation in this other fission yeast as well? Interestingly, this 
protein still contains a CRIB domain that could mediate binding to activated cd42p. Tea5p does 
not have a recognizable CRIB motif despite its otherwise high homology with PAK kinases. In 
addition, future studies could look for a role of Pak-like pseudokinases in other eukaryotes and 
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6.1 Mass spectrometry results 
Pull-outs were performed with 3GFP-tea5 and tea3-GFP as handle proteins. After screening for 
optimal buffer conditions to minimize unspecific interactions the following buffers were used: 
3GFP-tea5 handle protein: 
40 mM Tris, pH 8.0, 250 mM Citrate, 0.5 % Tween 
 
tea3-GFP handle protein: 
20 mM HEPES, pH 7.4, 300 mM NaCl, 1 % Triton X-100 
 












peptides MW Accession Description 
1 
-
1468.8 83 1486 127.7 gi|19115011|  tea3:p , cell end marker Tea3 [Schizosaccharomyces pombe 972h-]. 
2 -656 60 176 127.4 gi|19075851|  tea1:p , cell end marker Tea1 [Schizosaccharomyces pombe 972h-]. 
3 -610.8 64 236 74.5 gi|19115558| 
 ppk2:p , serine/threonine protein kinase Ppk2 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
4 -519.2 76 404 70.2 gi|19075921| 
 ssa2:p , heat shock protein Ssa2 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
5 -429.8 58 424 64.7 gi|19113708| 
pyruvate decarboxylase (predicted) [Schizosaccharomyces pombe 972h-
]. 
6 -413.5 41 169 99.8 gi|19115272| 
 pma1:p , P-type proton ATPase, P3-type Pma1 [Schizosaccharomyces 
pombe 972h-]. 
7 -410.2 61 859 26.9 sp|GFP_AEQVI| Green fluorescent protein;  
8 -398.7 78 528 35.8 gi|19112946| 
 tdh1:p , glyceraldehyde-3-phosphate dehydrogenase Tdh1 
[Schizosaccharomyces pombe 972h-]. 
9 -392.8 53 135 85.3 gi|19114264| 
 met26:p , homocysteine methyltransferase Met26 
[Schizosaccharomyces pombe 972h-]. 
10 -367.2 39 85 102.5 gi|19112738| 
 pfk1:p , 6-phosphofructokinase (predicted) [Schizosaccharomyces 
pombe 972h-]. 
11 -351.3 55 116 62.1 gi|19113806| 
 mcp60:p , mitochondrial heat shock protein Hsp60/Mcp60 
[Schizosaccharomyces pombe 972h-]. 
12 -335.6 70 114 55.5 gi|19115258| 
 pyk1:p , pyruvate kinase (predicted) [Schizosaccharomyces pombe 
972h-]. 
13 -322 61 786 25.4 sp|TRY1_BOVIN| 
Cationic trypsin; EC 3.4.21.4; Beta-trypsin; Contains: Alpha-trypsin chain 
1; Contains: Alpha-trypsin chain 2; Flags: Pr ... 
14 -315.6 61 115 67.2 gi|19112230| 
 sks2:p , heat shock protein, ribosome associated molecular chaperone 
Sks2 [Schizosaccharomyces pombe 972h-]. 
15 -296.9 76 166 30.1 gi|19115079|  rad24:p , 14-3-3 protein Rad24 [Schizosaccharomyces pombe 972h-]. 
16 -288.9 70 170 47.4 gi|19112695|  eno101:p , enolase (predicted) [Schizosaccharomyces pombe 972h-]. 
17 -277 16 61 248.2 gi|19113967| 
 ura1:p , carbamoyl-phosphate synthase (glutamine hydrolyzing), 
aspartate carbamoyltransferase Ura1 [Schizosaccharomyces ... 
18 -275.5 71 134 41.7 gi|19112410|  act1:p , actin Act1 [Schizosaccharomyces pombe 972h-]. 
19 -263.3 35 56 115.7 gi|19075785| 








20 -257.3 21 51 202 gi|19114735| 
 fas2:p , fatty acid synthase alpha subunit Lsd1 [Schizosaccharomyces 
pombe 972h-]. 
21 -252.4 64 70 43.9 gi|19113522| 
 pgk1:p , phosphoglycerate kinase Pgk1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
22 -248.3 44 61 73.1 gi|19112174| 
 ilv1:p , acetolactate synthase catalytic subunit [Schizosaccharomyces 
pombe 972h-]. 
23 -243.5 18 44 230.4 gi|19115282| 
 fas1:p , fatty acid synthase beta subunit Fas1 [Schizosaccharomyces 
pombe 972h-]. 
24 -242 36 58 72.9 gi|19114371| 
 ssc1:p , mitochondrial heat shock protein Hsp70 [Schizosaccharomyces 
pombe 972h-]. 
25 -235.6 32 64 93.2 gi|19075363| 
 eft202:p , translation elongation factor 2 (EF-2) Eft2,B 
[Schizosaccharomyces pombe 972h-]. 
26 -230 4.7 3 70.1 gi|19114616| 
 ssa1:p , heat shock protein Ssa1 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
27 -223.3 32 53 89.5 gi|19112032| 
 tea4:p , tip elongation aberrant protein Tea4 [Schizosaccharomyces 
pombe 972h-]. 
28 -218.4 49 267 49.6 gi|19075257| 
 ef1a-a:p , translation elongation factor EF-1 alpha Ef1a-a 
[Schizosaccharomyces pombe 972h-]. 
29 -215.8 62 111 39.5 gi|19112484| 
 fba1:p , fructose-bisphosphate aldolase Fba1 [Schizosaccharomyces 
pombe 972h-]. 
30 -214.7 31 67 108.6 gi|19115783| 
 rga3:p , Rho-type GTPase activating protein Rga3 
[Schizosaccharomyces pombe 972h-]. 
31 -209.6 34 38 104.4 gi|19112548| 
 rga4:p , Rho-type GTPase activating protein Rga4 
[Schizosaccharomyces pombe 972h-]. 
32 -208.2 56 45 30.4 gi|19115159|  rad25:p , 14-3-3 protein Rad25 [Schizosaccharomyces pombe 972h-]. 
33 -205.7 45 42 64.1 gi|19075527| 
 ade10:p , IMP 
cyclohydrolase/phosphoribosylaminoimidazolecarboxamideformyltransfe 
rase [Schizosaccharomyces pombe 972h- ... 
34 -196.2 42 45 69.7 gi|19075533| 
 sum3:p , ATP-dependent RNA helicase Sum3 [Schizosaccharomyces 
pombe 972h-]. 
35 -193.5 59 122 35.3 gi|19113434| 
 thi2:p , thiazole biosynthetic enzyme [Schizosaccharomyces pombe 
972h-]. 
36 -191.6 58 180 27.5 gi|19113555|  rps3:p , 40S ribosomal protein S3 [Schizosaccharomyces pombe 972h-]. 
37 -190.7 19 34 135.6 gi|19112194|  myo1:p , myosin type I [Schizosaccharomyces pombe 972h-]. 
38 -190.5 49 65 51.8 gi|19114949| 








39 -189.6 28 61 80.5 gi|19115277|  hsp90:p , Hsp90 chaperone [Schizosaccharomyces pombe 972h-]. 
40 -178.6 23 10 35.7 gi|19112028| 
 gpd3:p , glyceraldehyde 3-phosphate dehydrogenase Gpd3 
[Schizosaccharomyces pombe 972h-]. 
41 -178.6 76 144 17.2 gi|19113198| 
Sjogren's syndrome/scleroderma autoantigen 1 family (predicted) 
[Schizosaccharomyces pombe 972h-]. 
42 -177 38 51 62.5 gi|19075260| 
 mae2:p , malic enzyme, malate dehydrogenase (oxaloacetate 
decarboxylating), Mae2 [Schizosaccharomyces pombe 972h-]. 
43 -175.7 59 50 38.9 gi|19075847| 
 nmt1:p , no message in thiamine Nmt1 [Schizosaccharomyces pombe 
972h-]. 
44 -173.6 41 29 54.7 gi|19115494| 
aldehyde dehydrogenase (predicted) [Schizosaccharomyces pombe 
972h-]. 
45 -173.4 19 38 163.7 gi|19114164|  sir1:p , sulfite reductase Sir1 [Schizosaccharomyces pombe 972h-]. 
46 -169.6 57 59 41.2 gi|19113546| 
VAMP/synaptobrevin-associated protein family protein 
[Schizosaccharomyces pombe 972h-]. 
47 -167.1 58 42 28.5 gi|19114028| 
 rps102:p , 40S ribosomal protein S1 [Schizosaccharomyces pombe 
972h-]. 
48 -163 60 42 17.5 gi|19114915| 
 rps1101:p , 40S ribosomal protein S11 [Schizosaccharomyces pombe 
972h-]. 
49 -162.7 48 35 53.6 gi|19111887| 
phosphogluconate dehydrogenase, decarboxylating 
[Schizosaccharomyces pombe 972h-]. 
50 -161.6 49 43 39.7 gi|19113302| 
 rpl402:p , 60S ribosomal protein L4 [Schizosaccharomyces pombe 972h-
]. 
51 -157.8 51 63 27.6 gi|19075935|  rps2:p , 40S ribosomal protein S2 [Schizosaccharomyces pombe 972h-]. 
52 -157.1 49 78 27.5 gi|19113745| 
 rps601:p , 40S ribosomal protein S6 [Schizosaccharomyces pombe 
972h-]. 
53 -156.9 18 31 119.1 gi|19115473| 
 uso1:p , SNARE protein complex assembly protein (predicted) 
[Schizosaccharomyces pombe]. 
54 -156 41 57 47.4 gi|19112372| 
adenosylhomocysteinase (predicted) [Schizosaccharomyces pombe 
972h-]. 
55 -154.2 6.7 36 27.5 gi|19115050| 
 rps602:p , 40S ribosomal protein S6 [Schizosaccharomyces pombe 
972h-]. 
56 -153.7 53 46 37.4 gi|19075744| 
 adh1:p , alcohol dehydrogenase Adh1 [Schizosaccharomyces pombe 
972h-]. 
57 -151 34 26 56.5 gi|19112109| 
 mod5:p , Tea1 anchoring protein Mod5 [Schizosaccharomyces pombe 
972h-]. 
58 -150.5 34 32 61.3 gi|19113317| TENA/THI family protein [Schizosaccharomyces pombe 972h-]. 
59 -148.4 10 32 256.7 gi|19114183| 








60 -147.9 15 27 189.9 gi|19115060| 
 chc1:p , clathrin heavy chain Chc1 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
61 -147.8 31 40 75.1 gi|19112858| transketolase (predicted) [Schizosaccharomyces pombe 972h-]. 
62 -146 24 29 73.2 gi|19114157| 
 bip1:p , ER heat shock protein BiP [Schizosaccharomyces pombe 972h-
]. 
63 -143.1 11 26 225 gi|19076001| 
 bgs4:p , 1,3-beta-glucan synthase subunit Bgs4 [Schizosaccharomyces 
pombe 972h-]. 
64 -140.2 35 31 56.8 gi|19114063| 
 atp2:p , F1-ATPase beta subunit Atp2 [Schizosaccharomyces pombe 
972h-]. 
65 -139.4 43 26 42 gi|19113474| 
 gpd1:p , glycerol-3-phosphate dehydrogenase Gpd1 
[Schizosaccharomyces pombe 972h-]. 
66 -138.8 29 28 58.6 gi|19115831|  atp1:p , F1-ATPase alpha subunit [Schizosaccharomyces pombe 972h-]. 
67 -137.4 23 28 101.1 gi|19112048| 
 C1-5,6,7:p ,8-tetrahydrofolate (THF) synthase [Schizosaccharomyces 
pombe 972h-]. 
68 -137.2 60 90 25.4 gi|19112642| 
 rpl1001:p , 60S ribosomal protein L10 [Schizosaccharomyces pombe 
972h-]. 
69 -136.6 67 39 27.2 gi|19075524| 
 tpi1:p , triosephosphate isomerase [Schizosaccharomyces pombe 972h-
]. 
70 -136.2 4.5 4 25.3 gi|19115227| 
 rpl1002:p , 60S ribosomal protein L10 [Schizosaccharomyces pombe 
972h-]. 
71 -135.2 66 29 23.8 gi|19115801| 
 gpm1:p , monomeric 2,3-bisphosphoglycerate (BPG)-dependent 
phosphoglycerate mutase (PGAM), Gpm1 [Schizosaccharomyces po ... 
72 -133.2 48 35 41.8 gi|19113523| 
 sam1:p , S-adenosylmethionine synthetase [Schizosaccharomyces 
pombe 972h-]. 
73 -133.1 77 33 14.7 gi|19112529| 
 rps1402:p , 40S ribosomal protein S14 [Schizosaccharomyces pombe 
972h-]. 
74 -131.8 31 31 56.9 gi|19111947| 
 cct4:p , chaperonin-containing T-complex delta subunit Cct4 
[Schizosaccharomyces pombe 972h-]. 
75 -131.6 36 40 45.5 gi|19113731| 
 adh4:p , alcohol dehydrogenase Adh4 [Schizosaccharomyces pombe 
972h-]. 
76 -130.9 43 24 28.5 gi|19113740| 
 rps101:p , 40S ribosomal protein S1 [Schizosaccharomyces pombe 
972h-]. 
77 -129.5 36 18 56.3 gi|19113902| 
 erg11:p , sterol 14-demethylase (predicted) [Schizosaccharomyces 
pombe 972h-]. 
78 -129.3 30 37 68.7 gi|19113333| 








79 -128.4 44 34 46.3 gi|19113250| 
 lys4:p , homocitrate synthase (predicted) [Schizosaccharomyces pombe 
972h-]. 
80 -123.6 33 27 60.4 gi|19075417| 
 scw1:p , RNA-binding protein Scw1 [Schizosaccharomyces pombe 
972h-]. 
81 -122.8 64 58 22.3 gi|19115124| 
 rps502:p , 40S ribosomal protein S5 [Schizosaccharomyces pombe 
972h-]. 
82 -122.3 20 32 80.1 gi|19113156| 
 trs1:p , cytoplasmic threonine-tRNA ligase Trs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
83 -122.2 29 32 43.8 gi|19114383| 
 rpl301:p , 60S ribosomal protein L3 [Schizosaccharomyces pombe 972h-
]. 
84 -121.8 15 5 39.9 gi|19112671| 
 rpl401:p , 60S ribosomal protein L4 [Schizosaccharomyces pombe 972h-
]. 
85 -121.4 25 20 65.8 sp|K2C1_HUMAN| 
Keratin, type II cytoskeletal 1; 67 kDa cytokeratin; Cytokeratin-1; CK-1; 
Hair alpha protein; Keratin-1; K1; Type-II ker ... 
86 -118.1 26 23 59.9 gi|19112198| 
 cct8:p , chaperonin-containing T-complex theta subunit Cct8 
[Schizosaccharomyces pombe 972h-]. 
87 -117.8 11 23 193.2 gi|162312536| 
 pan1:p , actin cortical patch component, with EF hand and WH2 motif 
Panl (predicted) [Schizosaccharomyces pombe 972h-]. ... 
88 -117.5 41 27 49.1 gi|19115172|  slt1:p , sequence orphan Slt1 [Schizosaccharomyces pombe 972h-]. 
89 -115.9 21 22 100.1 gi|19112026| 
 def1:p , RNAPII degradation factor Def1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
90 -115.4 22 23 80.3 gi|162312422|  pss1:p , heat shock protein Pss1 [Schizosaccharomyces pombe 972h-]. 
91 -114.1 15 16 123.1 gi|19114981|  end4:p , endocytosis protein [Schizosaccharomyces pombe 972h-]. 
92 -112 56 26 31.4 gi|19115325| 
 rps002:p , 40S ribosomal protein S0B [Schizosaccharomyces pombe 
972h-]. 
93 -111.5 30 41 58.4 gi|19112602| 
 cct3:p , chaperonin-containing T-complex gamma subunit Cct3 
[Schizosaccharomyces pombe 972h-]. 
94 -109.5 58 39 16.9 gi|19114812| 
 rps13:p , 40S ribosomal protein S13 [Schizosaccharomyces pombe 
972h-]. 
95 -108.8 29 32 54.7 gi|162312202| 
 sua1:p , sulfate adenylyltransferase [Schizosaccharomyces pombe 
972h-]. 
96 -107.9 53 40 22.1 gi|19113857| 
 rps901:p , 40S ribosomal protein S9 [Schizosaccharomyces pombe 
972h-]. 
97 -106.6 60 44 15.4 gi|19112530| 
 rps1601:p , 40S ribosomal protein S16 [Schizosaccharomyces pombe 
972h-]. 
98 -105.4 33 19 49.9 gi|19113203| 








99 -104.5 46 27 45.6 gi|19113500| 
 arg5:p , arginine specific carbamoyl-phosphate synthase subunit Arg5 
(predicted) [Schizosaccharomyces pombe 972h-]. 
100 -104.4 12 17 136.2 gi|19114883| 
 cta4:p , P-type ATPase, calcium transporting Cta4 
[Schizosaccharomyces pombe 972h-]. 
101 -104.1 18 17 102.7 gi|19113436| 
 cho2:p , phosphatidylethanolamine N-methyltransferase Cho2 
[Schizosaccharomyces pombe 972h-]. 
102 -103.1 41 26 22.7 gi|19113507| 
 rpl1901:p , 60S ribosomal protein L19 [Schizosaccharomyces pombe 
972h-]. 
103 -102 49 36 17.4 gi|162312104| 
 rps1802:p , 40S ribosomal protein S18 [Schizosaccharomyces pombe 
972h-]. 
104 -100.8 41 16 45 gi|19112662| 
 rpt6:p , 19S proteasome regulatory subunit Rpt6 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
105 -100.8 7.8 7 22.2 gi|19112632| 
 rps902:p , 40S ribosomal protein S9 [Schizosaccharomyces pombe 
972h-]. 
106 -99.6 45 27 20.8 gi|19075341| 
 rpl1702:p , 60S ribosomal protein L17 [Schizosaccharomyces pombe 
972h-]. 
107 -99.2 33 19 51.1 gi|19113566|  nda2:p , tubulin alpha 1 [Schizosaccharomyces pombe 972h-]. 
108 -97.4 32 19 55.8 gi|19115535| 
 vma2:p , V-type ATPase V1 subunit B [Schizosaccharomyces pombe 
972h-]. 
109 -96 7.5 19 184.5 gi|19115599|  mak1:p , histidine kinase Mak1 [Schizosaccharomyces pombe 972h-]. 
110 -95.9 23 22 78.8 gi|19112954| 
 prs1:p , cytoplasmic proline-tRNA ligase Prs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
111 -95.5 18 16 85.9 gi|19114219| 
 cdr2:p , serine/threonine protein kinase Cdr2 [Schizosaccharomyces 
pombe 972h-]. 
112 -94.3 33 25 39.7 gi|162312221| 
 leu1:p , 3-isopropylmalate dehydrogenase Leu1 [Schizosaccharomyces 
pombe 972h-]. 
113 -93.4 28 16 80.1 gi|19075737|  ent1:p , epsin [Schizosaccharomyces pombe 972h-]. 
114 -92.9 28 28 45.2 gi|162312317| 
 ilv5:p , acetohydroxyacid reductoisomerase (predicted) 
[Schizosaccharomyces pombe 972h-]. 
115 -92.2 30 26 54.4 gi|19075670| acyl-coA desaturase (predicted) [Schizosaccharomyces pombe 972h-]. 
116 -91.2 28 17 62 gi|19114700| 
 erg5:p , C-22 sterol desaturase Erg5 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
117 -91 30 30 39.8 gi|19075286| 
fungal protein associated with endocytosis (predicted) 
[Schizosaccharomyces pombe 972h-]. 
118 -90.1 27 23 50.9 gi|19075337| 








119 -90 47 79 34 gi|19115506| 
VAMP/synaptobrevin-associated protein family protein 
[Schizosaccharomyces pombe 972h-]. 
120 -88.9 20 16 88.8 gi|19112378| 
 rar1:p , cytoplasmic methionine-tRNA ligase Mrs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
121 -88.7 32 15 41 gi|19113478| 
 erg10:p , acetyl-CoA C-acetyltransferase Erg10 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
122 -88.3 22 16 75.4 gi|19114689| 
 trp2:p , tryptophan synthase (predicted) [Schizosaccharomyces pombe 
972h-]. 
123 -87.1 30 34 33.6 gi|162312180|  rtn1:p , reticulon-like protein Rtn1 [Schizosaccharomyces pombe 972h-]. 
124 -86.1 30 28 44.8 gi|19112220| 
 mas5:p , DNAJ domain protein Mas5 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
125 -84.3 29 16 34.8 gi|19114682| 
 cpc2:p , 40S ribosomal protein cpc2/RACK1 [Schizosaccharomyces 
pombe 972h-]. 
126 -84.2 9.8 8 50.5 gi|19111898|  atb2:p , tubulin alpha 2 [Schizosaccharomyces pombe 972h-]. 
127 -83.9 30 16 43.5 gi|19075937| 
 rpt3:p , 19S proteasome regulatory subunit Rpt3 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
128 -83.5 57 29 17.5 gi|19075461| 
 rps1501:p , 40S ribosomal protein S15 [Schizosaccharomyces pombe 
972h-]. 
129 -83.2 39 28 14.3 gi|19112446| 
 rpl26:p , 60S ribosomal protein L26 [Schizosaccharomyces pombe 972h-
]. 
130 -82.9 27 17 62.1 sp|K1C9_HUMAN| Keratin, type I cytoskeletal 9; Cytokeratin-9; CK-9; Keratin-9; K9;  
131 -82 20 15 60.2 gi|19112750| 
delta-1-pyrroline-5-carboxylate dehydrogenase (predicted) 
[Schizosaccharomyces pombe 972h-]. 
132 -81.8 33 16 32.4 gi|19114548| 
inorganic pyrophosphatase (predicted) [Schizosaccharomyces pombe 
972h-]. 
133 -81.5 28 21 60.8 gi|19113427| 
 pgi1:p , glucose-6-phosphate isomerase (predicted) 
[Schizosaccharomyces pombe 972h-]. 
134 -81.5 49 20 23.5 gi|19114365| 
 rpl13:p , 60S ribosomal protein L13 [Schizosaccharomyces pombe 972h-
]. 
135 -81.4 59 20 16.4 gi|19112397| 
 rps1002:p , 40S ribosomal protein S10 [Schizosaccharomyces pombe 
972h-]. 
136 -81.4 4.8 1 20.8 gi|19112503| 
 rpl1701:p , 60S ribosomal protein L17 [Schizosaccharomyces pombe 
972h-]. 
137 -81.3 35 13 31.7 gi|19112932| 
 rps001:p , 40S ribosomal protein S0A [Schizosaccharomyces pombe 
972h-]. 
138 -79.9 20 20 48.9 gi|19113597| 
 rpt1:p , 19S proteasome regulatory subunit Rpt1 (predicted) 







139 -78 43 23 14.8 gi|19114146| 
 rps2201:p , 40S ribosomal protein S22 [Schizosaccharomyces pombe 
972h-]. 
140 -77.9 45 57 14.9 gi|19075639| 
 rpl2302:p , 60S ribosomal protein L23 [Schizosaccharomyces pombe 
972h-]. 
141 -77.8 19 14 80.7 gi|19114395| glutamate-tRNA ligase (predicted) [Schizosaccharomyces pombe 972h-]. 
142 -77 23 15 46.4 gi|19111981| homocysteine synthase Met17 [Schizosaccharomyces pombe 972h-]. 
143 -76.3 31 14 50.9 gi|19114777|  hxk2:p , hexokinase 2 [Schizosaccharomyces pombe 972h-]. 
144 -76.1 30 18 44.4 gi|19115766| 
translation initiation factor eIF4A (predicted) [Schizosaccharomyces 
pombe 972h-]. 
145 -75.8 9.3 12 154.5 gi|19115125| 
 shd1:p , cytoskeletal protein binding protein Sla1 family, Shd1 
(predicted) [Schizosaccharomyces pombe 972h-]. 
146 -75.3 40 30 27.1 gi|19112036| 
 rpl803:p , 60S ribosomal protein L2 [Schizosaccharomyces pombe 972h-
]. 
147 -75 41 15 36.8 gi|19115870| 
 sum1:p , translation initiation factor eIF3i [Schizosaccharomyces pombe 
972h-]. 
148 -74.3 9.1 10 17.6 gi|19115269| 
 rps1502:p , 40S ribosomal protein S15 [Schizosaccharomyces pombe 
972h-]. 
149 -72.5 24 14 38.7 gi|19115309| 
 idh1:p , isocitrate dehydrogenase (NAD+) subunit 1 Idh1 
[Schizosaccharomyces pombe 972h-]. 
150 -72.2 15 14 85.4 gi|19115828| 
polyphosphate synthetase (predicted) [Schizosaccharomyces pombe 
972h-]. 
151 -71.9 27 15 49.4 gi|19113442|  nda3:p , tubulin beta Nda3 [Schizosaccharomyces pombe 972h-]. 
152 -71.9 5.5 17 210.7 gi|19115678| 
 bgs3:p , 1,3-beta-glucan synthase subunit Bgs3 [Schizosaccharomyces 
pombe 972h-]. 
153 -71.2 15 12 82.7 gi|19115488| 
 leu2:p , 3-isopropylmalate dehydratase Leu2 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
154 -70.3 20 8 16.3 gi|19114930| 
 rps1001:p , 40S ribosomal protein S10 [Schizosaccharomyces pombe 
972h-]. 
155 -68.7 45 17 26.9 gi|19115546| 
endoplasmic reticulum resident protein required for packaging into COPII 
vesicles (predicted) [Schizosaccharomyces pombe ... 
156 -67.4 22 14 48.9 gi|19075653| 
 wbp1:p , dolichyl-di-phosphooligosaccharide-protein glycotransferase 
subunit Wbp1 (predicted) [Schizosaccharomyces pomb ... 
157 -66.1 14 12 66.8 gi|19114166| 
 cts1:p , CTP synthase Cts1 (predicted) [Schizosaccharomyces pombe 
972h-]. 
158 -65.6 19 15 66.4 gi|19114486| RNA-binding protein [Schizosaccharomyces pombe 972h-]. 
159 -65.2 23 12 50 gi|19112272| 








160 -64.9 21 15 58.5 gi|19112161| 
 cct6:p , chaperonin-containing T-complex zeta subunit Cct6 
[Schizosaccharomyces pombe 972h-]. 
161 -63.6 20 13 55.5 gi|19114308| 
 thi4:p , thiamine-phosphate dipyrophosphorylase/hydroxyethylthiazole 
kinase [Schizosaccharomyces pombe 972h-]. 
162 -62.5 26 24 16.9 gi|19075214| 
 rpl2402:p , 60S ribosomal protein L24 [Schizosaccharomyces pombe 
972h-]. 
163 -62.3 36 12 33.7 gi|19075352| 
cytochrome b5 reductase (predicted) [Schizosaccharomyces pombe 
972h-]. 
164 -62.1 51 11 17.5 gi|19113225| 
 mmf1:p , YjgF family protein Mmf1 [Schizosaccharomyces pombe 972h-
]. 
165 -61.8 40 18 21.9 gi|19114589|  rps7:p , 40S ribosomal protein S7 [Schizosaccharomyces pombe 972h-]. 
166 -61.2 24 14 29.7 gi|19113142| 
 rps401:p , 40S ribosomal protein S4 [Schizosaccharomyces pombe 
972h-]. 
167 -60.9 6.1 15 171.6 gi|162312100| 
 bfr1:p , brefeldin A efflux transporter Bfr1 [Schizosaccharomyces pombe 
972h-]. 
168 -60.1 38 12 29.6 gi|19115573| 
mitochondrial outer membrane voltage-dependent anion-selective 
channel (predicted) [Schizosaccharomyces pombe 972h-]. 
169 -60.1 27 15 33.8 gi|19115384| 
nucleotide-sugar phosphatase (predicted) [Schizosaccharomyces pombe 
972h-]. 
170 -59.6 6.2 12 173.7 gi|19115593| 
 aro1:p , pentafunctional aromatic polypeptide Aro1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
171 -59.2 13 10 104.5 gi|19113992| 
 upf1:p , ATP-dependent RNA helicase Upf1 [Schizosaccharomyces 
pombe 972h-]. 
172 -59.1 42 15 19.3 gi|19114592|  byr3:p , zinc finger protein Byr3 [Schizosaccharomyces pombe 972h-]. 
173 -58.6 17 11 55.4 gi|19112160| 
U3 snoRNP protein Nop56 (predicted) [Schizosaccharomyces pombe 
972h-]. 
174 -58.5 14 7 76.7 gi|19112838| 
 ccr1:p , NADPH-cytochrome p450 reductase [Schizosaccharomyces 
pombe 972h-]. 
175 -58.2 31 10 40 gi|19114312| 
 gln1:p , glutamate-ammonia ligase Gln1 [Schizosaccharomyces pombe 
972h-]. 
176 -57 25 14 40.2 gi|19115335| 
 scs7:p , sphingosine hydroxylase Scs7 [Schizosaccharomyces pombe 
972h-]. 
177 -56.9 18 10 50.6 gi|19115568| 
cofactor for methionyl-and glutamyl-tRNA synthetases (predicted) 
[Schizosaccharomyces pombe 972h-]. 
178 -56.1 47 12 16.2 gi|19115789| 
 cam2:p , myosin I light chain Cam2 [Schizosaccharomyces pombe 972h-
]. 







180 -55.4 20 12 40.2 gi|19113755|  sty1:p , MAP kinase Sty1 [Schizosaccharomyces pombe 972h-]. 
181 -55.2 12 12 75.7 gi|19112977| 
 lcf2:p , long-chain-fatty-acid-CoA ligase [Schizosaccharomyces pombe 
972h-]. 
182 -54.9 31 10 21.7 gi|19114966| pho88 family protein (predicted) [Schizosaccharomyces pombe 972h-]. 
183 -54.4 48 14 16.6 gi|19075407| 
 rpl2802:p , 60S ribosomal protein L28 [Schizosaccharomyces pombe 
972h-]. 
184 -53.8 25 20 39.6 gi|19113064| 
 pdb1:p , pyruvate dehydrogenase e1 component beta subunit Pdb1 
[Schizosaccharomyces pombe 972h-]. 
185 -53.5 3.3 13 232.7 gi|19115045| 
 glt1:p , glutamate synthase Glt1 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
186 -53.2 34 18 23.8 gi|19114575| 
 rpl1502:p , 60S ribosomal protein L15 [Schizosaccharomyces pombe 
972h-]. 
187 -52.9 14 2 16.7 gi|19113118| 
 rpl2801:p , 60S ribosomal protein L28 [Schizosaccharomyces pombe 
972h-]. 
188 -52.8 5.5 2 23.8 gi|19075938| 
 rpl15:p , 60S ribosomal protein L15 [Schizosaccharomyces pombe 972h-
]. 
189 -52.7 19 10 60 gi|19114656|  scd2:p , scaffold protein Scd2 [Schizosaccharomyces pombe 972h-]. 
190 -52.7 15 25 66.6 gi|19075852| 
 drs1:p , cytoplasmic aspartate-tRNA ligase Drs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
191 -52.5 51 20 15.5 gi|19112037| 
 rps1701:p , 40S ribosomal protein S17 [Schizosaccharomyces pombe 
972h-]. 
192 -52.4 18 13 51.5 gi|19112432|  rvb2:p , AAA family ATPase Rvb2 [Schizosaccharomyces pombe 972h-]. 
193 -51.9 25 14 34.6 gi|162312552|  pex7:p , peroxin-7 (predicted) [Schizosaccharomyces pombe 972h-]. 
194 -51.2 8.7 10 99.4 gi|19112790| 
 ape2:p , aminopeptidase Ape2 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
195 -50.9 16 11 48.8 gi|19075684| 
 gdh1:p , NADP-specific glutamate dehydrogenase Gdh1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
196 -49.6 25 10 35.1 gi|19112474|  pop3:p , WD repeat protein Pop3 [Schizosaccharomyces pombe 972h-]. 
197 -49.2 6.3 6 147.5 gi|19115736|  nup155:p , nucleoporin Nup155 [Schizosaccharomyces pombe 972h-]. 
198 -49 11 11 83.6 gi|19075642| 
 vtc4:p , vacuolar transporter chaperone (VTC) complex subunit 
(predicted) [Schizosaccharomyces pombe 972h-]. 
199 -49 19 8 54 gi|19114068| sequence orphan [Schizosaccharomyces pombe 972h-]. 
200 -48.9 40 10 15.3 gi|19075878| 
 rpl2702:p , 60S ribosomal protein L27 [Schizosaccharomyces pombe 
972h-]. 












peptides MW Accession Description 
1 
-
2340.2 90 3187 127.7 gi|19115011|  tea3:p , cell end marker Tea3 [Schizosaccharomyces pombe 972h-]. 
2 -670.3 73 381 70.2 gi|19075921| 
 ssa2:p , heat shock protein Ssa2 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
3 -608.9 87 887 25.4 sp|TRY1_BOVIN| 
Cationic trypsin; EC 3.4.21.4; Beta-trypsin; Contains: Alpha-trypsin chain 
1; Contains: Alpha-trypsin chain 2; Flags: Pr ... 
4 -556.5 66 142 85.3 gi|19114264| 
 met26:p , homocysteine methyltransferase Met26 [Schizosaccharomyces 
pombe 972h-]. 
5 -503.9 71 706 26.9 sp|GFP_AEQVI| Green fluorescent protein;  
6 -498.8 50 118 127.4 gi|19075851|  tea1:p , cell end marker Tea1 [Schizosaccharomyces pombe 972h-]. 
7 -483.4 48 97 102.5 gi|19112738| 
 pfk1:p , 6-phosphofructokinase (predicted) [Schizosaccharomyces 
pombe 972h-]. 
8 -439.1 32 85 202 gi|19114735| 
 fas2:p , fatty acid synthase alpha subunit Lsd1 [Schizosaccharomyces 
pombe 972h-]. 
9 -416.3 81 387 35.8 gi|19112946| 
 tdh1:p , glyceraldehyde-3-phosphate dehydrogenase Tdh1 
[Schizosaccharomyces pombe 972h-]. 
10 -400.8 70 172 55.5 gi|19115258| 
 pyk1:p , pyruvate kinase (predicted) [Schizosaccharomyces pombe 972h-
]. 
11 -399.4 24 78 248.2 gi|19113967| 
 ura1:p , carbamoyl-phosphate synthase (glutamine hydrolyzing), 
aspartate carbamoyltransferase Ura1 [Schizosaccharomyces ... 
12 -389.3 50 101 65.8 sp|K2C1_HUMAN| 
Keratin, type II cytoskeletal 1; 67 kDa cytokeratin; Cytokeratin-1; CK-1; 
Hair alpha protein; Keratin-1; K1; Type-II ker ... 
13 -373.5 67 104 69.7 gi|19075533| 
 sum3:p , ATP-dependent RNA helicase Sum3 [Schizosaccharomyces 
pombe 972h-]. 
14 -362.9 33 78 99.8 gi|19115272| 
 pma1:p , P-type proton ATPase, P3-type Pma1 [Schizosaccharomyces 
pombe 972h-]. 
15 -361.7 49 116 67.2 gi|19112230| 
 sks2:p , heat shock protein, ribosome associated molecular chaperone 







16 -359.9 49 78 80.5 gi|19115277|  hsp90:p , Hsp90 chaperone [Schizosaccharomyces pombe 972h-]. 
17 -357.7 22 70 232.7 gi|19115045| 
 glt1:p , glutamate synthase Glt1 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
18 -337.1 45 87 93.2 gi|19075363| 
 eft202:p , translation elongation factor 2 (EF-2) Eft2,B 
[Schizosaccharomyces pombe 972h-]. 
19 -334.5 58 128 74.5 gi|19115558| 
 ppk2:p , serine/threonine protein kinase Ppk2 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
20 -333.1 22 70 256.7 gi|19114183| 
 cut6:p , acetyl-CoA/biotin carboxylase [Schizosaccharomyces pombe 
972h-]. 
21 -330 70 189 47.4 gi|19112695|  eno101:p , enolase (predicted) [Schizosaccharomyces pombe 972h-]. 
22 -321.2 34 76 115.7 gi|19075785| 
 tef3:p , translation elongation factor eEF3 [Schizosaccharomyces pombe 
972h-]. 
23 -318.9 19 65 230.4 gi|19115282| 
 fas1:p , fatty acid synthase beta subunit Fas1 [Schizosaccharomyces 
pombe 972h-]. 
24 -312.6 5.1 5 70.1 gi|19114616| 
 ssa1:p , heat shock protein Ssa1 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
25 -299.8 59 53 64.1 gi|19075527| 
 ade10:p , IMP 
cyclohydrolase/phosphoribosylaminoimidazolecarboxamideformyltransfe 
rase [Schizosaccharomyces pombe 972h- ... 
26 -296.2 49 79 62.1 sp|K1C9_HUMAN| Keratin, type I cytoskeletal 9; Cytokeratin-9; CK-9; Keratin-9; K9;  
27 -295.2 72 142 41.7 gi|19112410|  act1:p , actin Act1 [Schizosaccharomyces pombe 972h-]. 
28 -291.2 34 54 130.8 gi|19112692|  pyr1:p , pyruvate carboxylase Pyr1 [Schizosaccharomyces pombe 972h-]. 
29 -282 90 433 17.2 gi|19113198| 
Sjogren's syndrome/scleroderma autoantigen 1 family (predicted) 
[Schizosaccharomyces pombe 972h-]. 
30 -281.3 37 73 64.7 gi|19113708| pyruvate decarboxylase (predicted) [Schizosaccharomyces pombe 972h-]. 
31 -274.2 53 94 49.6 gi|19075257| 
 ef1a-a:p , translation elongation factor EF-1 alpha Ef1a-a 
[Schizosaccharomyces pombe 972h-]. 
32 -246.9 60 62 51.8 gi|19114949| 








33 -245 46 51 75.1 gi|19112858| transketolase (predicted) [Schizosaccharomyces pombe 972h-]. 
34 -239.9 44 58 72.9 gi|19114371| 
 ssc1:p , mitochondrial heat shock protein Hsp70 [Schizosaccharomyces 
pombe 972h-]. 
35 -235 23 40 163.7 gi|19114164|  sir1:p , sulfite reductase Sir1 [Schizosaccharomyces pombe 972h-]. 
36 -234.1 44 45 73.1 gi|19112174| 
 ilv1:p , acetolactate synthase catalytic subunit [Schizosaccharomyces 
pombe 972h-]. 
37 -225.5 62 58 43.9 gi|19113522| 
 pgk1:p , phosphoglycerate kinase Pgk1 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
38 -224.7 43 50 78.8 gi|19112954| 
 prs1:p , cytoplasmic proline-tRNA ligase Prs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
39 -224.7 65 76 39.5 gi|19112484| 
 fba1:p , fructose-bisphosphate aldolase Fba1 [Schizosaccharomyces 
pombe 972h-]. 
40 -213.1 60 61 37.4 gi|19075744| 
 adh1:p , alcohol dehydrogenase Adh1 [Schizosaccharomyces pombe 
972h-]. 
41 -212.3 50 57 47.4 gi|19112372| 
adenosylhomocysteinase (predicted) [Schizosaccharomyces pombe 972h-
]. 
42 -210.8 48 64 49.1 gi|19115172|  slt1:p , sequence orphan Slt1 [Schizosaccharomyces pombe 972h-]. 
43 -207.2 49 78 35.3 gi|19113434| 
 thi2:p , thiazole biosynthetic enzyme [Schizosaccharomyces pombe 
972h-]. 
44 -200.8 9.3 3 35.7 gi|19112028| 
 gpd3:p , glyceraldehyde 3-phosphate dehydrogenase Gpd3 
[Schizosaccharomyces pombe 972h-]. 
45 -198.3 78 39 23.8 gi|19115801| 
 gpm1:p , monomeric 2,3-bisphosphoglycerate (BPG)-dependent 
phosphoglycerate mutase (PGAM), Gpm1 [Schizosaccharomyces po ... 
46 -196.3 29 37 101.1 gi|19112048| 
 C1-5,6,7:p ,8-tetrahydrofolate (THF) synthase [Schizosaccharomyces 
pombe 972h-]. 
47 -180.4 47 51 50.9 gi|19075337| 
D-3 phosphoglycerate dehydrogenase (predicted) [Schizosaccharomyces 
pombe 972h-]. 
48 -175.4 16 22 189.9 gi|19115060| 








49 -174.1 58 47 44.4 gi|19115766| 
translation initiation factor eIF4A (predicted) [Schizosaccharomyces 
pombe 972h-]. 
50 -170.3 60 43 38.9 gi|19075847| 
 nmt1:p , no message in thiamine Nmt1 [Schizosaccharomyces pombe 
972h-]. 
51 -167.7 46 34 45.2 gi|162312317| 
 ilv5:p , acetohydroxyacid reductoisomerase (predicted) 
[Schizosaccharomyces pombe 972h-]. 
52 -167.3 55 38 41.8 gi|19113523| 
 sam1:p , S-adenosylmethionine synthetase [Schizosaccharomyces 
pombe 972h-]. 
53 -164.9 55 44 30.1 gi|19115079|  rad24:p , 14-3-3 protein Rad24 [Schizosaccharomyces pombe 972h-]. 
54 -163.5 47 26 49.9 gi|19113203| 
saccharopine dehydrogenase (predicted) [Schizosaccharomyces pombe 
972h-]. 
55 -161 18 38 135.6 gi|19112194|  myo1:p , myosin type I [Schizosaccharomyces pombe 972h-]. 
56 -158 25 30 90.1 gi|63054529|  cdc48:p , AAA family ATPase Cdc48 [Schizosaccharomyces pombe 972h-]. 
57 -157.7 30 28 88.8 gi|19112378| 
 rar1:p , cytoplasmic methionine-tRNA ligase Mrs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
58 -155.9 27 33 80.3 gi|162312422|  pss1:p , heat shock protein Pss1 [Schizosaccharomyces pombe 972h-]. 
59 -155.8 21 33 98.7 gi|19112898| 
 kin1:p , microtubule affinity-regulating kinase Kin1 
[Schizosaccharomyces pombe 972h-]. 
60 -155 32 32 59.5 sp|K1C10_HUMAN| Keratin, type I cytoskeletal 10; Cytokeratin-10; CK-10; Keratin-10; K10;  
61 -153.5 36 28 55.5 gi|19114308| 
 thi4:p , thiamine-phosphate dipyrophosphorylase/hydroxyethylthiazole 
kinase [Schizosaccharomyces pombe 972h-]. 
62 -152.1 43 27 54.7 gi|19115494| 
aldehyde dehydrogenase (predicted) [Schizosaccharomyces pombe 972h-
]. 
63 -149.4 29 31 80.1 gi|19113156| 
 trs1:p , cytoplasmic threonine-tRNA ligase Trs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
64 -146.6 38 24 42 gi|19113474| 
 gpd1:p , glycerol-3-phosphate dehydrogenase Gpd1 
[Schizosaccharomyces pombe 972h-]. 
65 -146 34 35 62.5 gi|19075260| 
 mae2:p , malic enzyme, malate dehydrogenase (oxaloacetate 







66 -146 52 31 34.8 gi|19114682| 
 cpc2:p , 40S ribosomal protein cpc2/RACK1 [Schizosaccharomyces 
pombe 972h-]. 
67 -145 28 29 74 gi|19114847| 
 grs1:p , mitochondrial and cytoplasmic glycine-tRNA ligase Grs1 
(predicted) [Schizosaccharomyces pombe 972h-]. 
68 -142.3 51 36 46.3 gi|19113250| 
 lys4:p , homocitrate synthase (predicted) [Schizosaccharomyces pombe 
972h-]. 
69 -142 35 29 60.2 gi|19112750| 
delta-1-pyrroline-5-carboxylate dehydrogenase (predicted) 
[Schizosaccharomyces pombe 972h-]. 
70 -142 60 32 27.2 gi|19075524|  tpi1:p , triosephosphate isomerase [Schizosaccharomyces pombe 972h-]. 
71 -137.5 29 26 58.6 gi|19115831|  atp1:p , F1-ATPase alpha subunit [Schizosaccharomyces pombe 972h-]. 
72 -136.9 55 37 28.5 gi|19114028| 
 rps102:p , 40S ribosomal protein S1 [Schizosaccharomyces pombe 972h-
]. 
73 -135.9 39 23 45 gi|19112662| 
 rpt6:p , 19S proteasome regulatory subunit Rpt6 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
74 -135.4 31 31 63.2 gi|19112083|  asn1:p , asparagine synthetase [Schizosaccharomyces pombe 972h-]. 
75 -134.3 49 30 45.6 gi|19113500| 
 arg5:p , arginine specific carbamoyl-phosphate synthase subunit Arg5 
(predicted) [Schizosaccharomyces pombe 972h-]. 
76 -134 44 35 39.7 gi|19113302| 
 rpl402:p , 60S ribosomal protein L4 [Schizosaccharomyces pombe 972h-
]. 
77 -131.5 41 22 30.4 gi|19115159|  rad25:p , 14-3-3 protein Rad25 [Schizosaccharomyces pombe 972h-]. 
78 -129.8 30 12 28.5 gi|19113740| 
 rps101:p , 40S ribosomal protein S1 [Schizosaccharomyces pombe 972h-
]. 
79 -129.1 58 29 25.3 gi|19115227| 
 rpl1002:p , 60S ribosomal protein L10 [Schizosaccharomyces pombe 
972h-]. 
80 -128.9 12 25 173.7 gi|19115593| 
 aro1:p , pentafunctional aromatic polypeptide Aro1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
81 -128.9 41 22 46.4 gi|19111981| homocysteine synthase Met17 [Schizosaccharomyces pombe 972h-]. 
82 -127.1 14 4 39.9 gi|19112671| 
 rpl401:p , 60S ribosomal protein L4 [Schizosaccharomyces pombe 972h-
]. 
83 -126.3 21 24 73.2 gi|19114157|  bip1:p , ER heat shock protein BiP [Schizosaccharomyces pombe 972h-]. 








85 -124.5 51 34 27.5 gi|19113745| 
 rps601:p , 40S ribosomal protein S6 [Schizosaccharomyces pombe 972h-
]. 
86 -124.4 43 25 39.7 gi|162312221| 
 leu1:p , 3-isopropylmalate dehydrogenase Leu1 [Schizosaccharomyces 
pombe 972h-]. 
87 -123.8 6.7 3 27.5 gi|19115050| 
 rps602:p , 40S ribosomal protein S6 [Schizosaccharomyces pombe 972h-
]. 
88 -122.6 32 27 56.4 gi|19075632| 
UTP-glucose-1-phosphate uridylyltransferase (predicted) 
[Schizosaccharomyces pombe 972h-]. 
89 -122.2 35 42 43.8 gi|19114383| 
 rpl301:p , 60S ribosomal protein L3 [Schizosaccharomyces pombe 972h-
]. 
90 -120.8 22 23 75.4 gi|19114689| 
 trp2:p , tryptophan synthase (predicted) [Schizosaccharomyces pombe 
972h-]. 
91 -120.7 38 28 35 gi|19112115| 
 anc1:p , mitochondrial adenine nucleotide carrier Anc1 
[Schizosaccharomyces pombe 972h-]. 
92 -120.2 43 26 41 gi|19113478| 
 erg10:p , acetyl-CoA C-acetyltransferase Erg10 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
93 -115.9 28 23 67.2 gi|19112994| 
ATP citrate synthase subunit 1 (predicted) [Schizosaccharomyces pombe 
972h-]. 
94 -113.7 15 21 144.8 gi|19114208| 
 ade3:p , phosphoribosylformylglycinamidine synthase Ade3 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
95 -113.5 42 32 27.6 gi|19075935|  rps2:p , 40S ribosomal protein S2 [Schizosaccharomyces pombe 972h-]. 
96 -113.4 18 17 65.8 sp|K22E_HUMAN| 
Keratin, type II cytoskeletal 2 epidermal; Cytokeratin-2e; CK-2e; Epithelial 
keratin-2e; Keratin-2 epidermis; Keratin-2e ... 
97 -112.9 36 26 53.6 gi|19111887| 
phosphogluconate dehydrogenase, decarboxylating 
[Schizosaccharomyces pombe 972h-]. 
98 -112.4 40 26 43.5 gi|19075937| 
 rpt3:p , 19S proteasome regulatory subunit Rpt3 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
99 -112.2 33 22 51.5 gi|19112432|  rvb2:p , AAA family ATPase Rvb2 [Schizosaccharomyces pombe 972h-]. 
100 -112 22 17 82.7 gi|19115488| 
 leu2:p , 3-isopropylmalate dehydratase Leu2 (predicted) 







101 -111.1 59 29 17.5 gi|19114915| 
 rps1101:p , 40S ribosomal protein S11 [Schizosaccharomyces pombe 
972h-]. 
102 -110.8 30 25 61.3 gi|19113317| TENA/THI family protein [Schizosaccharomyces pombe 972h-]. 
103 -109.9 61 34 22.1 gi|19113857| 
 rps901:p , 40S ribosomal protein S9 [Schizosaccharomyces pombe 972h-
]. 
104 -109.5 32 22 50.9 gi|19114777|  hxk2:p , hexokinase 2 [Schizosaccharomyces pombe 972h-]. 
105 -109.3 26 34 54.7 gi|162312202| 
 sua1:p , sulfate adenylyltransferase [Schizosaccharomyces pombe 972h-
]. 
106 -108.6 17 19 104.4 gi|19112548| 
 rga4:p , Rho-type GTPase activating protein Rga4 [Schizosaccharomyces 
pombe 972h-]. 
107 -108 38 21 55.8 gi|19115535| 
 vma2:p , V-type ATPase V1 subunit B [Schizosaccharomyces pombe 
972h-]. 
108 -107.1 46 34 20.8 gi|19075341| 
 rpl1702:p , 60S ribosomal protein L17 [Schizosaccharomyces pombe 
972h-]. 
109 -107 29 18 57.2 gi|63054535| 
 zwf1:p , glucose-6-phosphate 1-dehydrogenase (predicted) 
[Schizosaccharomyces pombe 972h-]. 
110 -106.8 32 21 48.8 gi|19075684| 
 gdh1:p , NADP-specific glutamate dehydrogenase Gdh1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
111 -106.4 42 26 27.5 gi|19113555|  rps3:p , 40S ribosomal protein S3 [Schizosaccharomyces pombe 972h-]. 
112 -104.7 11 4 22.2 gi|19112632| 
 rps902:p , 40S ribosomal protein S9 [Schizosaccharomyces pombe 972h-
]. 
113 -103.1 36 21 49 gi|19114420| 
 urg1:p , GTP cyclohydrolase II (predicted) [Schizosaccharomyces pombe 
972h-]. 
114 -102.7 29 27 50 gi|19112272| 
 rpt2:p , 19S proteasome regulatory subunit Rpt2 [Schizosaccharomyces 
pombe 972h-]. 
115 -100 28 17 53.6 gi|19113860|  hxk1:p , hexokinase 1 [Schizosaccharomyces pombe 972h-]. 
116 -97.2 11 18 136.3 gi|19112071| coatomer alpha subunit (predicted) [Schizosaccharomyces pombe 972h-]. 
117 -96.7 24 17 62.1 gi|19113806| 
 mcp60:p , mitochondrial heat shock protein Hsp60/Mcp60 
[Schizosaccharomyces pombe 972h-]. 
118 -95.3 27 17 48.9 gi|19113597| 
 rpt1:p , 19S proteasome regulatory subunit Rpt1 (predicted) 







119 -93.3 37 18 48.3 gi|19112538| 
 tuf1:p , mitochondrial translation elongation factor EF-Tu Tuf1 
[Schizosaccharomyces pombe 972h-]. 
120 -91.2 55 18 17.4 gi|162312104| 
 rps1802:p , 40S ribosomal protein S18 [Schizosaccharomyces pombe 
972h-]. 
121 -89.8 17 17 112.5 gi|19113744| 
 gcv2:p , glycine cleavage complex subunit P (predicted) 
[Schizosaccharomyces pombe 972h-]. 
122 -89.7 35 15 46.1 gi|19111975| 
 arg12:p , argininosuccinate synthase (predicted) [Schizosaccharomyces 
pombe 972h-]. 
123 -89.3 15 21 111.3 gi|19075722| 
sulfite reductase NADPH flavoprotein subunit (predicted) 
[Schizosaccharomyces pombe 972h-]. 
124 -89 8.1 11 156.8 gi|19115226| 
 lys1:p , aminoadipate-semialdehyde dehydrogenase 
[Schizosaccharomyces pombe 972h-]. 
125 -86.8 36 18 32.4 gi|19114548| 
inorganic pyrophosphatase (predicted) [Schizosaccharomyces pombe 
972h-]. 
126 -86 39 21 31.7 gi|19112932| 
 rps001:p , 40S ribosomal protein S0A [Schizosaccharomyces pombe 
972h-]. 
127 -85.7 38 16 40 gi|19114312| 
 gln1:p , glutamate-ammonia ligase Gln1 [Schizosaccharomyces pombe 
972h-]. 
128 -84.3 20 26 66.6 gi|19075852| 
 drs1:p , cytoplasmic aspartate-tRNA ligase Drs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
129 -83.5 36 21 28.4 gi|19115097| 
 rpl702:p , 60S ribosomal protein L7 [Schizosaccharomyces pombe 972h-
]. 
130 -83.4 28 18 48.8 gi|162312486| 
 rpt5:p , 19S proteasome regulatory subunit Rpt5 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
131 -82.4 19 14 80.7 gi|19114395| glutamate-tRNA ligase (predicted) [Schizosaccharomyces pombe 972h-]. 
132 -82.4 36 13 39.7 gi|19075905| 
 mpg1:p , mannose-1-phosphate guanyltransferase Mpg1 
[Schizosaccharomyces pombe 972h-]. 
133 -82.2 36 18 44.8 gi|19112220| 
 mas5:p , DNAJ domain protein Mas5 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
134 -82.1 14 15 84 gi|19115440| 








135 -82.1 22 14 56.2 gi|19076049| acetyl-CoA ligase (predicted) [Schizosaccharomyces pombe 972h-]. 
136 -81.8 36 17 33.8 gi|19113000| 
mitochondrial inorganic phosphate transporter (predicted) 
[Schizosaccharomyces pombe 972h-]. 
137 -80.4 32 15 45.7 gi|19115792| 
translation elongation factor EF-1 gamma subunit [Schizosaccharomyces 
pombe 972h-]. 
138 -79.8 42 18 16.9 gi|19114812| 
 rps13:p , 40S ribosomal protein S13 [Schizosaccharomyces pombe 972h-
]. 
139 -79.4 26 18 49.4 gi|19113442|  nda3:p , tubulin beta Nda3 [Schizosaccharomyces pombe 972h-]. 
140 -79.1 21 17 39.2 gi|19114916| homoisocitrate dehydrogenase [Schizosaccharomyces pombe 972h-]. 
141 -78.9 18 17 63.8 gi|19111917| 
 nrs1:p , cytoplasmic asparagine-tRNA ligase Nrs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
142 -78 24 18 43.6 gi|63054416| 
 rpt4:p , 19S proteasome regulatory subunit Rpt4 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
143 -78 24 14 60.9 gi|19115300| 
 hem1:p , 5-aminolevulinate synthase (predicted) [Schizosaccharomyces 
pombe 972h-]. 
144 -77.3 16 16 83.6 gi|19075642| 
 vtc4:p , vacuolar transporter chaperone (VTC) complex subunit 
(predicted) [Schizosaccharomyces pombe 972h-]. 
145 -77.1 25 16 50 gi|19115695|  rvb1:p , AAA family ATPase Rvb1 [Schizosaccharomyces pombe 972h-]. 
146 -76.8 11 14 108.6 gi|19115783| 
 rga3:p , Rho-type GTPase activating protein Rga3 [Schizosaccharomyces 
pombe 972h-]. 
147 -75.5 12 15 89.5 gi|19112032| 
 tea4:p , tip elongation aberrant protein Tea4 [Schizosaccharomyces 
pombe 972h-]. 
148 -75.2 18 15 66.8 gi|19114166| 
 cts1:p , CTP synthase Cts1 (predicted) [Schizosaccharomyces pombe 
972h-]. 
149 -75 54 17 14.8 gi|19114146| 
 rps2201:p , 40S ribosomal protein S22 [Schizosaccharomyces pombe 
972h-]. 
150 -74.5 29 18 31.4 gi|19115894| 
 snz1:p , pyridoxine biosynthesis protein [Schizosaccharomyces pombe 
972h-]. 
151 -74.5 4.8 2 20.8 gi|19112503| 








152 -73.7 7.8 14 149.5 gi|162312500| 
 SPAP4C9.01c:p , DNA repair protein Rad50 [Schizosaccharomyces 
pombe]. 
153 -73.5 18 19 70.4 gi|19115231| 
 sdh1:p , succinate dehydrogenase Sdh1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
154 -72.1 41 25 22.3 gi|19115124| 
 rps502:p , 40S ribosomal protein S5 [Schizosaccharomyces pombe 972h-
]. 
155 -71.2 44 23 21.9 gi|19114589|  rps7:p , 40S ribosomal protein S7 [Schizosaccharomyces pombe 972h-]. 
156 -70.9 12 14 127.4 gi|19113477| 
 arg4:p , arginine specific carbamoyl-phosphate synthase Arg4 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
157 -70.1 15 13 75.9 gi|19112518| 
 lcf1:p , long-chain-fatty-acid-CoA ligase Lcf1 [Schizosaccharomyces 
pombe 972h-]. 
158 -69 35 15 36.8 gi|19115870| 
 sum1:p , translation initiation factor eIF3i [Schizosaccharomyces pombe 
972h-]. 
159 -68.5 22 19 41.4 gi|19113884| 
 lys3:p , saccharopine dehydrogenase Lys3 [Schizosaccharomyces pombe 
972h-]. 
160 -68.3 45 25 14.9 gi|19075639| 
 rpl2302:p , 60S ribosomal protein L23 [Schizosaccharomyces pombe 
972h-]. 
161 -68 25 14 58.4 gi|19112602| 
 cct3:p , chaperonin-containing T-complex gamma subunit Cct3 
[Schizosaccharomyces pombe 972h-]. 
162 -67.8 24 13 51.5 gi|19075853| 
 dfr1:p , dihydrofolate reductase Dfr1 [Schizosaccharomyces pombe 
972h-]. 
163 -67.1 17 13 69.2 gi|19112731| 
ATP-binding cassette sub-family F protein [Schizosaccharomyces pombe 
972h-]. 
164 -66.3 30 17 38.5 gi|19076052| 
aspartate semialdehyde dehydrogenase (predicted) 
[Schizosaccharomyces pombe 972h-]. 
165 -66.2 18 11 53.1 gi|19114182| 
aromatic aminotransferase (predicted) [Schizosaccharomyces pombe 
972h-]. 
166 -65.8 40 19 33.8 gi|19115384| 
nucleotide-sugar phosphatase (predicted) [Schizosaccharomyces pombe 
972h-]. 
167 -65.8 15 13 60.8 gi|19113427| 
 pgi1:p , glucose-6-phosphate isomerase (predicted) 







168 -65.2 26 18 45.1 gi|19115804| 
 pda1:p , pyruvate dehydrogenase e1 component alpha subunit Pda1 
(predicted) [Schizosaccharomyces pombe 972h-]. 
169 -65.1 23 16 42.5 gi|19111972| 
 eca39:p , branched chain amino acid aminotransferase Eca39 
[Schizosaccharomyces pombe 972h-]. 
170 -64.9 26 12 42.4 gi|19114927| 
 gcv1:p , glycine decarboxylase T subunit (predicted) 
[Schizosaccharomyces pombe 972h-]. 
171 -64.4 28 11 47.3 gi|19115017| 
 idp1:p , isocitrate dehydrogenase Idp1 [Schizosaccharomyces pombe 
972h-]. 
172 -64.1 18 13 56.9 gi|19111947| 
 cct4:p , chaperonin-containing T-complex delta subunit Cct4 
[Schizosaccharomyces pombe 972h-]. 
173 -64.1 53 16 14.7 gi|19112529| 
 rps1402:p , 40S ribosomal protein S14 [Schizosaccharomyces pombe 
972h-]. 
174 -63.5 23 10 31.4 gi|19115325| 
 rps002:p , 40S ribosomal protein S0B [Schizosaccharomyces pombe 
972h-]. 
175 -63.1 12 11 85.2 gi|19113096| 
 ade1:p , phosphoribosylamine-glycine ligase [Schizosaccharomyces 
pombe 972h-]. 
176 -62.8 22 13 46.1 gi|19112125| 
 clr6:p , histone deacetylase (class I) Clr6 [Schizosaccharomyces pombe 
972h-]. 
177 -62.4 30 16 27.1 gi|19112036| 
 rpl803:p , 60S ribosomal protein L2 [Schizosaccharomyces pombe 972h-
]. 
178 -62.1 9.4 13 97.9 gi|19112963| 
 mts4:p , 19S proteasome regulatory subunit Mts4 [Schizosaccharomyces 
pombe 972h-]. 
179 -61.7 26 15 34.8 gi|19075964| 
ribose-phosphate pyrophosphokinase (predicted) [Schizosaccharomyces 
pombe 972h-]. 
180 -60.9 56 13 16.7 gi|19075206| thioredoxin peroxidase (predicted) [Schizosaccharomyces pombe 972h-]. 
181 -60.7 16 11 73 gi|63054448| acetyl-CoA ligase (predicted) [Schizosaccharomyces pombe 972h-]. 
182 -59.7 4.7 14 193.2 gi|162312536| 
 pan1:p , actin cortical patch component, with EF hand and WH2 motif 
Panl (predicted) [Schizosaccharomyces pombe 972h-]. ... 
183 -58.5 22 12 44.3 gi|19115315| Obg-Like ATPase (predicted) [Schizosaccharomyces pombe 972h-]. 
184 -58 18 14 55.4 gi|19112160| 








185 -57.8 45 15 17.6 gi|19115269| 
 rps1502:p , 40S ribosomal protein S15 [Schizosaccharomyces pombe 
972h-]. 
186 -57.2 38 12 17.4 gi|19112456| 
 ppi1:p , cyclophilin family peptidyl-prolyl cis-trans isomerase Cyp2 
[Schizosaccharomyces pombe 972h-]. 
187 -56.9 35 9 28.7 gi|19112528| 
 rpl701:p , 60S ribosomal protein L7 [Schizosaccharomyces pombe 972h-
]. 
188 -56.8 20 12 54.4 gi|19075670| acyl-coA desaturase (predicted) [Schizosaccharomyces pombe 972h-]. 
189 -56.6 18 9 47.2 gi|19112698| 
 fma2:p , methionine aminopeptidase Fma2 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
190 -56.2 16 10 50.5 gi|19111898|  atb2:p , tubulin alpha 2 [Schizosaccharomyces pombe 972h-]. 
191 -55.5 15 10 59.9 gi|19112198| 
 cct8:p , chaperonin-containing T-complex theta subunit Cct8 
[Schizosaccharomyces pombe 972h-]. 
192 -55.2 17 11 66.8 gi|19115354| 
 frs1:p , phenylalanine-tRNA ligase beta subunit Frs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
193 -55.1 8.2 10 107 gi|19113171| 
 tif32:p , translation initiation factor eIF3a [Schizosaccharomyces pombe 
972h-]. 
194 -54.6 37 11 23.8 gi|19075938| 
 rpl15:p , 60S ribosomal protein L15 [Schizosaccharomyces pombe 972h-
]. 
195 -54.5 22 9 47.5 gi|19112678| 
 his2:p , histidinol dehydrogenase His2 (predicted) [Schizosaccharomyces 
pombe 972h-]. 
196 -54.3 28 10 47.3 gi|19113810|  arp3:p , actin-like protein Arp3 [Schizosaccharomyces pombe 972h-]. 
197 -54.3 24 8 47.5 gi|19075755| 
 arg1:p , acetylornithine aminotransferase [Schizosaccharomyces pombe 
972h-]. 
198 -54 12 12 67.5 gi|19112684| 
 krs1:p , cytoplasmic lysine-tRNA ligase Krs1 (predicted) 
[Schizosaccharomyces pombe 972h-]. 
199 -53.9 44 16 16.4 gi|19112397| 
 rps1002:p , 40S ribosomal protein S10 [Schizosaccharomyces pombe 
972h-]. 
200 -53.6 24 12 40 gi|19113110| 
homoserine dehydrogenase (predicted) [Schizosaccharomyces pombe 
972h-]. 




6.2 Cdc42p oscillations correlate with nuclear oscillation 
As described in previous chapters, cdc42p oscillates between the 2 cell tips in interphase S. 
pombe cells. We observed that the nucleus shows similarly timed oscillations. We investigated a 
possible correlation between cdc42p and nuclear oscillations with the following experiments. 





Figure 6-1: Analysis of CRIB-GFP and nuclear oscillations 
A) Kymograph of CRIB-GFP at cell tips and inside the nucleus over time. Lines indicate the area 
used for measurement. B) Normalized intensity along the lines drawn in the top panel. Nuclear 
movement or stretching seems to occur in the direction opposite of the tip with high CRIB-GFP 






Figure 6-2: Microtubules are required for nuclear oscillations but not CRIB-GFP 
oscillations 
Cells were image inside flow chambers. After addition of MBC (25 μg/ml final concentration), 
nuclear movements stop. CRIB-GFP continues to oscillate. Wash out of MBC after 10 min 
reinitiates nuclear oscillations. 
 
 
 
 
 
